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Task  Objectives: 

-Y 

The  purpose  of  this  program  is  to  develop  the  metalorganic  chemical  vapor  deposition  (MOCVD) 
epitaxial  growth  process  for  semiconductor  heterostructure  laser  diode  arrays.  These  laser  diode 
arrays  are  intended  to  be  used  as  an  optical  pump  for  solid  state  yttrium  aluminum  garnet  (Y AG) 
lasers.  In  particular,  linear  uniform  arrays  having  high  output  power,  high  efficiency,  low  laser 
threshold  current  density  and  precisely  controlled  emission  wavelength  are  required. 

Technical  Problems: 

There  are  three  technical  problems  associated  with  this  task.  The  first  problem  is  development  of 
individual  laser  diode  device  structures  which  satisfy  the  requirements  for  efficiency,  threshold 
and  wavelength  control  and  are  suitable  for  incorporation  into  laser  arrays.  There  are  a  number  of 
possible  structures  varying  in  complexity  from  conventional  five-layer  double  heterostructures 
having  alloy  AIGaAs  active  regions  to  very  sophisticated  quantum  well  heterostructures  (QWH). 
The  second  problem  is  an  analytical  study  of  the  waveguide  properties  of  multi-element  laser 
arrays.  Simple  arrays  of  conventional  double  heterostructure  laser  diodes  have  been  studied  but 
extension  of  this  work  to  other  laser  diode  geometries  is  non-trivial.  Preliminary  and  optimum  geo¬ 
metries  for  the  individual  structures  and  the  photomasks  used  for  device  processing  require  some 
modeling  of  the  optical  properties  of  these  arrays.  The  third  problem,  and  the  major  point  of  this 
entire  program,  is  experimental  development  of  suitably  designed  individual  laser  diode  struc¬ 
tures  in  a  well  modeled  multi-element  array.  An  additional  and  pervasive  problem  is  the  continued  / 
development  of  the  MOCVD  growth  proces^and  AIGaAs-GaAs  heterostructure  materials  science 
as  it  applies  to  these  specific  structures. 

-  ■  ■  f 

General  Methodology: 


Three  approximately  parallel  efforts,  having  a  great  deal  of  overlap,  comprise  the  general  method¬ 
ology  of  this  program.  These  are,  as  described  above,  development  of  individual  laser  diode 
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structures,  development  of  a  waveguide  model  for  array  structures  and  experimental  develop¬ 
ment  of  laser  array  structures. 

•  Individual  laser  devices 

We  are  concerned  with  two  aspects  of  the  development  of  individual  laser  device  structures.  The 
first  is  design  of  a  suitable  structure  in  terms  of  control  over  emission  wavelength.  The  require¬ 
ment  for  emission  centered  near  X  -  8080A  has  resulted  in  previous  work  focusing  on  conven¬ 
tional  double  heterostructure  lasers  having  AIGaAs  active  layer  composition.  The  direct  energy 
gap  of  AlxGai-xAs  is  given  by 

Eg  -  1.427 +  1.247x(eV). 


jr* 
$ 


The  energy  of  emisssion  corresponding  to  8080A  is  1.534  eV  which  corresponds  to  x  *  0.086. 
Conventional  double  heterostructure  lasers  having  8-9%  Al  active  layer  composition  and  35%  Al 


confining  layer  composition  are  considered  here  to  be  the  standard  from  which  development 
should  proceed.  Broad  area  conventional  structures  are  grown  and  processed  throughout  the 
program  for  the  sake  of  comparison  with  more  sophisticated  structures  and  to  serve  as  a  test 
structure  when  source  or  system  changes  are  implemented  in  the  MOCVD  epitaxial  growth 
reactor  system.  Another  way  of  obtaining  control  over  the  emission  wavelength  of  a  semicon¬ 
ductor  laser  diode  is  by  reducing  the  size  of  a  GaAs  active  layer  below  200A  (an  electron  wave¬ 
length)  so  that  quantum  effects  become  important.  These  structures,  called  quantum  well 
heterostructures  (QWH),  have  the  effect  that  electrons  and  holes  behave  like  particles  confined  in 
a  potential  well.  This  results  in  discrete  energy  levels  for  optical  transitions  at  energies  higher  than 
the  band  gap  energy.  For  example,  the  wavelength  of  the  n-1  transition  of  a  45A  GaAs  quantum 
well  corresponds  to  about  X  -  8080A.  Such  thin  layer  structures,  while  difficult  to  grow  by  such 
conventional  growth  methods  as  liquid  phase  epitaxy  (LPE),  are  easily  grown  by  the  MOCVD 
process.  The  structure  of  most  interest  for  this  program  is  the  graded  barrier  quantum  well  hetero¬ 
structure  which  has  a  number  of  improvements  relative  to  the  conventional  DH  laser.  The 
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confining  layer  composition  is  raised  to  60-85%  Al  in  order  to  increase  the  carrier  confinement  by 
raising  the  energy  gap  of  the  confining  layers.  This  also  affects  optical  mode  properties  by 
lowering  the  index  of  refraction  in  the  confining  layers.  The  active  layer  consists  of  a  45A  quantum 
well  flanked  on  either  side  by  a  parabolically  graded  (composition)  region  that  is  typically  0.4-0.5 
pm  wide  and  graded  from  x  «  0.2  up  to  the  confining  layer  composition.  The  carrier  collection 
eficiency  of  a  single  45A  well  is  low.  The  graded  region  acts  like  a  funnel,  however,  to  collect 
energetic  carriers  and  allow  them  to  thermalize  into  the  lowest  order  quantum  state  where  they  are 
available  for  a  recombination  event.  The  graded  region  also  affects  the  waveguide  properties  of 
the  laser  by  providing  a  region  of  intermediate  average  index  of  refraction  between  confining 
layers. 

The  second  aspect  of  individual  laser  device  development  in  this  program  is  a  study  of  current 
confinement  stripe  geometries  suitable  for  laser  arrays.  The  most  common  form  of  stripe  definition 
is  the  oxide  defined  stripe  which  consists  of  a  layer  of  silicon  dioxide  deposited  on  the  surface  of 
the  laser  wafer  with  stripe  openings  defined  by  photolithographic  techniques.  This  stripe  is  easy 
to  define  but  has  two  disadvantages  relative  to  incorporation  into  laser  arrays.  The  first  disad¬ 
vantage  is  that,  since  the  stripe  is  on  the  surface  of  the  laser  structure,  losses  due  to  current 
spreading  will  be  a  maximum  resulting  in  minimum  efficiency.  The  second  disadvantage  is  that 
since  the  oxide  layer  is  some  distance  away  from  the  active  region,  it  has  little  impact  on  the  optical 
properties  of  the  laser.  The  only  contributions  to  the  transverse  mode  structure  come  from 
changes  in  index  of  refraction  resulting  from  regions  of  gain  or  loss  (gain  guiding).  Several  struc¬ 
tures  are  of  interest  in  this  program  as  improvements  on  this  elementary  stripe  geometry.  The  first 
and  most  important  is  the  self-aligned  stripe  laser  in  which  an  absorbing  GaAs  layer  is  located 
physically  near  the  active  layer  in  all  but  the  stripe  region.  This  layer,  when  close  enough  to  the 
active  layer,  strongly  impacts  the  optical  mode  and  results  in  changes  in  the  complex  effective 
refractive  index.  If  the  layer  is  made  n-type,  it  also  serves  as  a  current  blocking  layer,  confining  the 
drive  current  to  the  stripe  region  by  means  of  a  reverse  biased  pn  junction.  Other  structures  of 
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interest  are  the  buried  stripe  laser  and  the  narrow  diffused  stripe  laser.  The  former  is  of  less 
interest  owing  to  more  difficult  processing  requirements  and  the  latter  is  is  of  less  interest  since 
there  is  no  real  index  guiding  mechanism  and  gain  guiding  predominates.  For  array  structures 
where  mode  interaction  is  unnecessary  (below),  the  narrow  diffused  stripe  structure  may  be  of 
interest  for  ease  of  processing.  All  of  these  stripe  structures  can  be  made  with  both  conventional 
alloy  active  regions  or  with  graded  barrier  quantum  well  heterostructure  active  regions. 

•  Device  and  array  modeling 

Any  linear  array  must  consist  of  a  number  of  individual  diode  laser  elements  driven  in  parallel.  As 
these  elements  are  moved  physically  close  to  each  other  there  will  be  interaction  of  the  optical 
modes  of  each  of  the  elements.  The  extent  of  this  interaction  will  depend  on  the  nature  of  the 
optical  properties  of  the  individual  diodes  as  well  as  the  number  of,  and  spacing  between, 
elements.  In  order  to  determine  preliminary  requirements,  at  least,  for  the  process  mask  sets  of 
any  of  the  diode  structures  above  and  for  the  array  structures  to  be  described  below,  some  effort 
must  be  made  to  model  the  optical  properties  of  the  individual  diode  structures.  Subsequently 
these  models  must  be  extended  to  multiple  elements.  Although  this  program  is  intended  to  be 
mainly  experimental,  some  attention  is  given  to  modeling  as  described  here. 

•  Array  structures 

Four  array  structures  are  of  interest  in  this  program.  As  for  individual  device  structures,  a  common 
array  structure  is  identified  as  a  basis  structure  to  which  comparison  of  more  complicated 
structures  may  be  made.  This  basis  structure  is  the  oxide  defined  stripe  laser  array.  As  described 
above,  this  structure  is  simple  to  fabricate  from  conventional  photolithographic  techniques  but 
has  the  limitations  that  current  spreading  is  a  maximum  and  the  only  optical  guiding  results  from 
variations  in  index  resulting  from  either  gain  or  loss.  A  second  array  structure  of  interest  is  the 
shallow  mesa  laser  array.  In  this  structure,  stripes  are  etched  into  a  finished  laser  wafer  through  the 
GaAs:p+  cap  layer,  into  the  AIGaAs:p  confining  layer  to  a  point  near  the  active  layer.  The  relatively 
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poor  (high  resistance)  contact  to  the  AIGaAs  results  in  current  confinement  to  the  stripe  region.  If 
the  stripes  are  etched  deep  enough,  the  presence  of  a  semiconductor-metal  interface  near  the 
active  region  results  in  real  index  changes  and  subsequent  mode  control.  A  third  array  structure  is 
a  multiple  element  self-aligned  stripe  laser  array.  The  fourth  array  structure  of  interest  is  a  multiple 
element  array  of  narrow  diffused  stripe  lasers. 
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Technical  Results  •  Year  1 : 

•  Conventional  alloy  active  region  lasers 

Alloy  active  region  conventional  DH  lasers  having  8  and  10%  Al  active  regions  and  35%  Al 
confining  layers  were  grown  and  processed  into  broad  area  lasers.  These  laser  structures  had 
average  broad  area  laser  threshold  current  densities  lower  (1200  A/cm2  for  300  pm  length)  than 
previously  reported  for  structures  grown  by  other  epitaxial  growth  methods.  These  structures 
were  optimized  with  respect  to  doping  and  growth  temperature  (and  other  MOCVD  process 
parameters).  These  devices  serve  as  a  basis  for  comparison  with  other,  more  complicated, 
structures. 

•  Graded  barrier  quantum  well  heterostructure  lasers 

Two  graded  barrier  quantum  well  heterostructure  laser  structures  were  studied.  In  both  cases,  the 
active  region  consisted  of  a  single  quantum  well  45-50A  thick  centered  in  a  parabolically  graded 
region  0.44  pm  thick.  The  graded  region  varied  in  composition  from  x  -  0.22  to  the  confining  layer 
composition.  The  two  different  structures  had  confining  layer  compositions  of  x  -  0.40  and  x  - 
0.60.  Average  broad  area  laser  threshold  current  densities  for  the  40%  structures  were  650 
A/cm2  (i  ■  8250A  and  length  300  pm).  When  the  confining  layer  composition  was  raised  to  60%, 
the  average  broad  area  threshold  current  density  dropped  to  445  A/cm2.  This  is  2.7  times  lower 
than  for  comparable  alloy  active  region  DH  lasers  grown  by  MOCVD  and  somewhat  lower  yet  than 
for  DH  lasers  grown  by  LPE. 

•  Conventional  self-aligned  stripe  laser 

This  structure  is  formed  by  growing  (on  an  n-type  GaAs  substrate)  a  GaAs:n  buffer  layer,  a 
AIGaAs:n  confining  layer,  the  active  layer  structure  (conventional  DH  or  graded  barrier  QWH),  part 
of  the  AIGaAs:p  confining  layer  and  a  GaAs:n  current  confinement/mode  control  layer.  In  a 
photolithographic  processing  step,  stripes  are  etched  through  the  GaAs:n  layer.  The  sample  is 
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returned  to  the  reactor  and  the  rest  of  the  AIGaAs:p  confining  layer  and  a  GaAs:p+  cap  layer  are 
grown.  DH  lasers  having  GaAs  active  layers  and  60%  confining  layers  were  fabricated  in  this 
manner.  Two  problems  exist.  The  etch  rates  of  GaAs  and  60%  AIGaAs  are  very  different  (GaAs 
being  much  slower)  making  control  of  the  processing  difficult  when  the  GaAs:n  layer  is  close  to 
the  active  layer.  Also,  the  regrowth  interface  in  60%  AIGaAs  can  be  of  poor  quality  from  residual 
oxidation.  This  results  in  high  turn  on  voltages  in  some  devices.  In  order  to  avoid  these  problems, 
various  thin  (<  SOA)  etch-stop  and  regrowth  layers  have  been  incorporated  into  the  structure  with 
limited  results.  Devices  having  5  pm  stripe  widths  showed  2.5  V  turn  on  and  threshold  currents  of 
75  mA. 

•  Complementary  self-a'igned  laser 

A  new  process  was  developed  to  fabricate  self-aligned  lasers  without  encountering  the  problems 
associated  with  the  conventional  self-aligned  structure.  This  complementary  process  consists  of 
two  growth  steps  also,  with  the  first  being  an  entire  laser  structure.  After  growth,  a  stripe  pattern  is 
protected  by  a  layer  of  silicon  dioxide  on  the  surface  of  the  laser  wafer  and  the  region  on  either 
side  of  the  stripe  is  etched  in  a  manner  similar  to  the  shallow  mesa  laser  structure.  The  processed 
wafer  is  returned  to  the  reactor  and  a  layer  of  GaAs:n  is  grown  over  the  surface.  This  layer  is  the 
current  confinement/mode  control  layer.  No  GaAs  grows  on  the  oxide  mask  which  is  removed  by 
etching.  The  advantages  of  this  structure  are  that  ail  etching  takes  place  in  AIGaAs  and  is  more 
easily  controlled  and  that  there  is  no  overgrowth  interface  within  the  laser  stripe  region.  The 
regrowth  interface  lies  outside  the  stripe  region  where  it  is  removed  from  high  current  densities 
and  large  optical  fields.  Conventional  DH  laser  structures  made  this  way  and  having  GaAs  active 
layers  and  4  pm  stripe  width  operated  at  threshold  currents  of  33-45  mA  (lengths  305-380  pm). 
The  broad  area  threshold  current  density  of  the  starting  wafer  was  1075  A/cm2.  No  kinks  were 
observed  in  the  L-l  characteristics  and  near-  and  far-field  measurements  indicate  fundamental 
mode  operation  to  currents  in  excess  of  2xl|h- 
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•  Narrow  diffused  stripe  lasers 

The  equipment  necessary  for  diffusing  zinc  into  MOCVD  grown  AIGaAs-GaAs  heterostructures 
has  been  assembled  as  a  part  of  this  program.  Preliminary  experiments  to  characterize  the 
process  of  diffusion  into  heterostructures  were  begun. 

•  Device  modelling 

Preliminary  modelling  of  the  optical  field  properties  in  the  self  aligned  laser  structure  has  been 
done.  Calculations  of  the  changes  in  effective  loss  and  refractive  index  as  a  function  of  the 
distance  between  the  active  region  and  the  current  confinement/mode  control  layer  have  been 
made.  The  devices  become  predominately  real-index  guided  for  separations  less  than  0.25  pm 
and  are  otherwise  essentially  gain  guided.  This  has  been  confirmed  on  experimental  structures. 

•  Oxide-defined  stripe  arrays 

A  60%  graded  barrier  QWH  structure  was  processed  into  ?  and  4-element  oxide-defined  strife 
arrays.  L-l  measurements  show  Kinking  and  optical  spectra  indicate  multiple  filament  operation. 
Current  spreading  is  expected  to  be  large  in  oxide-defined  stripe  structures  and  4-element 
devices  may  not  be  sufficiently  phase-locked  for  kinkless  operation.  Near  field  measurements  on 
arrays  having  more  elements  show  that  all  elements  are  not  being  driven  uniformly.  This  is 
probably  a  processing  problem. 

•  Shallow  mesa  arrays 

Shallow  mesa  arrays  have  been  fabricated  from  a  60%  graded  barrier  QWH  laser  wafer.  The  array 
consists  of  1,  2,  4,  6  and  10  elements  (4  pm  width  and  4  pm  spacing).  The  mesas  were  etched  to 
within  1  pm  of  the  active  region.  The  single  stripe  laser  operates  in  the  fundamental  lateral  mode, 
weak  phase  locking  is  apparent  in  the  2-  and  4-element  arrays  and  stronger  phase  locking  is 
present  in  the  6-  and  10-element  devices.  The  extent  of  phase  locking  is  estimated  by 
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Technical  Results  -  Year  2: 

•  Thermal  conductivity  and  optimum  confining  layer  composition 

Thermal  conductivity  is  related  to  alloy  scattering  and  is  a  minimum  at  50%.  The  indirect-direct 
crossover  in  AIGaAs  occurs  at  44%  and  at  this  point  donor  energies  are  large,  making  doping  a 
practical  problem.  Therefore  doped  confining  layers  should  be  either  much  higher  or  lower  in 
composition.  For  optimum  carrier  confinement,  the  heterostructure  discontinuity  should  be  as 
large  as  possible.  For  all  of  these  reasons,  the  conclusion  is  that  the  optimum  confining  layer 
composition  is  as  high  as  practically  possible.  This  means  approximately  85-90%  Al  for  MOCVD 
grown  structures. 

•  Zinc  diffusion  process  for  the  NDS  laser 

Zinc  diffusion  in  Al0  6Gao  4As  has  been  calibrated  for  a  closed  tube  diffusion  process.  Controlled 
diffusion  has  been  obtained  at  T  -  670°C  with  a  diffusion  rate  of  3.15  pm-hr1/2.  Two  drive  diffusion 
processes  have  been  investigated  for  zinc  in  AIGaAs,  both  using  a  predep  diffusion  with  ZnAs2  as 
the  first  step.  These  arel)  sealed  tube  drive  diffusion  with  elemental  As  and  2)  sealed  tube 
diffusion  with  a  protective  cap  layer  of  Si3N4.  The  substrate  background  doping  concentration 
was  found  not  to  be  a  critical  factor  in  junction  depth.  Open  tube  zinc  diffusion  was  attempted  in 
the  MOCVD  reactor,  by  flowing  the  vapors  of  diethylzinc  (DEZn)  and  arsine.  No  diffusion  was 
observed,  presumably  because  the  partial  pressure  of  DEZn  was  much  smaller  than  the  solid 
solubility. 

•  Die  and  wire  bonding  of  laser  diodes  for  continuous  operation 

Cw  bonding  of  laser  diodes  has  been  accomplished  by  bonding  the  laser  diodes  with  indium  onto 
gold  plated  copper  slabs.  The  graded  barrier  quantum  well  structure  was  used  for  these  arrays. 
The  confining  layers  were  2.0  pm  AlxGai.xAs  (x-0.60),  each  graded  layer  was  parabolically 
graded  from  x-0. 20-0.60  over  2200  A,  and  the  active  layer  was  a  single  GaAs  quantum  well  45  A 
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thick.  The  GaAs  cap  layer  was  0.2  pm  thick.  The  wire  bond  is  made  from  an  insulator  covered  with 
Cr:Au.  Single  stripe,  4-stripe,  and  6-stripe  shallow  mesa  lasers  and  laser  arrays  have  been 
operated  cw  using  this  procedure  without  any  sign  of  heating.  Broad  area  lasers  have  been 
operated  cw  up  to  250  mW  per  uncoated  facet.  The  broad  area  devices  had  stripe  widths  of  150 
pm,  with  cavity  lengths  ranging  from  300  pm  to  500  pm.  The  characteristics  were  not  strongly 
dependent  on  cavity  length. 

•  Shallow  mesa  stripe  lasers  and  laser  arrays 

L-l  characteristics  of  a  single  4-pm  stripe  shallow  mesa  graded  barrier  quantum  well  laser  have 
shown  very  low  thresholds  currents  (15mA)  as  well  as  high  differential  quantum  efficiencies  (70%) 
and  output  powers  up  to  25  mW  cw  per  facet.  We  tested  many  diodes  of  various  lengths  ranging 
from  300  pm  to  500  pm.  These  devices  usually  operate  in  a  single  longitudinal  mode  above 
threshold.  The  transverse  modes  are  not  stable,  however,  and  higher  order  modes  appear  just 
above  threshold.  Shallow  mesa  graded  barrier  quantum  well  6-element  laser  arrays  operating  cw 
have  a  threshold  current  of  90mA  and  have  been  operated  up  to  60  mW  without  any  signs  of 
heating.  The  threshold  for  4-stripe  lasers  are  about  80mA  and  the  diodes  are  phase  locked, 
showing  a  double  lobed  far  field  pattern,  up  to  120  mA.  (4-stripe  array:  Ith  *  80  mA,  q  -  1 6  %  per 
facet,  6-stripe  array:  Ith  -  90  mA,  q  »  21  %  per  facet,  broad  area:  Ith  *  160-180  mA,  q  =  20  %  per 
facet)  The  near  field  patterns  indicate  that  below  120  mA  most  of  the  optical  intensity  is  under  the 
two  inner  stripes.  Above  120  mA  higher  order  modes  are  observable  under  some  of  the  stripes. 
Single  longitudinal  mode  operation  is  observed  up  to  120  mA,  where  two  modes  appear. 

•  Complementary  self-aligned  lasers  and  laser  arays 

Single  stripe  complementary  self-aligned  dh  lasers  with  4,  6,  8, 10,  and  12  pm  stripe  widths  have 
been  fabricated  with  the  intent  of  finding  an  optimum  width  which  gives  the  highest  power  with  a 
stabilized  mode  pattern.  These  devices  were  etched  to  within  0.3  pm  of  the  500A  GaAs  active 
layer  before  regrowth.  Stripe  widths  of  4  pm  yield  23  mW  output  power  with  a  completely 
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stabilized  transverse  mode.  Larger  stripe  widths  show  kinks  in  the  L-l  curves  at  lower  power  levels. 
Near  field  observations  indicate  that  the  laser  operates  in  the  fundamental  transverse  mode  until 
the  kink  point,  at  which  the  optical  intensity  either  shifts  toward  the  edge  of  the  stripe  or  breaks 
into  a  higher  order  mode.  These  devices  definitely  show  higher  order  mode  discrimination  which 
is  characteristic  of  self-aligned  lasers.  By  comparison,  shallow  mesa  lasers  operate  in  higher  order 
modes  at  threshold,  for  stripe  widths  greater  than  4pm.  Several  6-stripe  self-aligned  dh  laser 
arrays  have  been  processed.  Most  devices  show  all  6  stripes  lasing  close  to  the  array  threshold. 
Far  field  patterns  indicate  that  the  devices  are  not  operating  with  the  elements  phase  locked  due 
to  large  center-to-center  spacing.  Smaller  stripe  separations  or  LOC  active  layers  should  increase 
the  coupling  between  the  stripes  and  result  in  phase  locked  operation.  The  individual  elements  of 
the  array  operate  in  a  single  transverse  mode  up  to  50  mW  where  a  kink  in  the  L-l  curve  occurs. 
The  differential  quantum  efficiency  ranges  from  20%  to  37%,  depending  on  confining  layer 
composition,  cavity  length,  stripe  width,  t  (thickness  between  guide  layer  and  active  layer),  and 
the  quality  of  the  starting  material.  For  arrays  the  range  was  20  %  to  28  %. 

The  self-aligned  laser  array  has  been  fabricated  using  graded  barrier  quantum  well  active  regions, 
with  the  intent  of  improving  device  performance  and  facilitating  coupling  between  array  elements. 
Five-stripe  arrays  have  been  fabricated  using  a  graded  barrier  quantum  well  active  region 
containing  a  30  A  quantum  well.  A  10  pm  center-center  spacing  was  used  with  stripe  widths 
between  7-7.5  pm.  Devices  which  were  etched  to  within  0.2  pm  (t*0.2)  of  the  graded  layer  have 
threshold  currents  of  80  mA  (L-14  mil)  and  show  stable  mode  operation  up  to  about  100  mW 
(pulsed)  without  phase  locked  operation.  Samples  etched  to  within  0.4  pm  (t-0.4)  of  the  graded 
region  in  order  to  improve  optical  coupling  between  the  array  elements  operate  phase  locked  in  a 
small  region  above  threshold,  up  to  about  15  mW  (pulsed). 

•  Narrow  diffused  stripe  lasers  and  laser  arrays 
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Six-stripe  double  heterostructure  narrow  zinc  diffused  stripe  (DH-NDS)  laser  arrays  have  been 
fabricated  and  tested.  The  stripe  width  of  the  6-stripe  DH-NDS  arrays  was  6  pm,  with  a  12  pm 
center  to  center  spacing  between  array  elements.  The  fabrication  process  is  a  single  step  sealed 
tube  zinc  diffusion  at  670°C.  The  pulsed  laser  threshold  currents  for  these  six-stripe  DH-NDS 
arrays  range  from  150  mA  (L  -  250  pm)  to  200  mA  (L  -  356  pm).  The  threshold  current  of  a  single 
stripe  device  was  about  40-50  mA  for  the  same  stripe  widths  and  lengths.  Pulsed  L-l  curves  show 
no  kinks  up  to  the  limit  of  our  pulse  generator,  at  a  power  of  1 60  mW  per  facet  for  the  six-stripe  DH- 
NDS  laser  array.  The  maximum  cw  power  from  the  array  was  30  mW  per  facet,  with  a  cw  threshold 
current  of  about  250  mA  for  a  length  of  350  pm.  Near  field  measurements  indicate  that  the  laser  is 
gain  guided  since  small  peaks  are  observed  between  the  stripes  just  above  threshold.  The  far 
field  patterns  of  these  devices  have  3  or  4  very  narrow  peaks  just  above  threshold,  with  many 
more  peaks  appearing  as  the  current  is  increased.  The  near  and  far  field  patterns  at  threshold  are 
very  similar  to  the  calculated  field  patterns  of  a  gain  guided  phase  locked  array  and  are  also  similar 
to  the  patterns  observed  for  proton  bombarded  stripe  laser  arrays.  This  indicates  that  these  lasers 
are  phase  locked. 

We  have  fabricated  single  element  narrow  diffused  stripe  lasers  with  a  graded  barrier  quantum  well 
active  region,  using  a  50  A  GaAs  active  layer,  and  2200  A  AlxGai-xAs  layers  graded  from  x*0.2  to 
x-0.6.  The  threshold  current  of  these  single  element  devices  was  20-25  mA  when  w*7-15  pm, 
for  cavity  lengths  ranging  from  290  pm  to  400  pm.  The  threshold  current  of  these  quantum  well 
lasers  is  a  factor  of  2x  lower  than  the  single  element  narrow  diffused  stripe  laser  with  a  double 
heterostructure  active  layer.  The  wavelength  of  these  lasers  was  8260  A,  and  up  to  67  mW  per 
facet  (pulsed)  was  observed  from  a  narrow  diffused  stripe  laser  with  L-405  pm  and  w»6  pm.  The 
near  and  far  field  patterns  remained  stable  up  to  4  times  Ith- 


•  Reflection  and  antireflection  coatings 
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Experiments  were  begun  using  reflection  and  antireflection  coatings  on  the  facets  of  the  lasers  in 
an  attempt  to  increase  the  power  output.  The  reflection  coating  is  a  four-layer  quarter  wavelength 
reflector  consisting  of  alternating  layers  of  AI2O3  and  Si.  Each  layer  has  an  optical  thickness  of  a 
quarter  wavelength.  The  antireflection  coating  is  a  single  layer  of  AI2O3.  The  effect  of  the 
antireflection  coating  (R-|)  on  the  threshold  current  density  and  the  external  quantum  efficiency 
with  R2  *  0.95  has  been  calculated.  The  power  output  ratio  of  mirror  1  to  that  of  mirror  2  as  a 
function  of  Ri  when  R2  is  held  constant  at  0.95  has  also  been  calculated.  These  curves  can  be 
used  as  guidelines  for  choosing  the  desired  value  of  Ri .  Initial  work  on  reflection  and 
antireflection  coatings  were  on  laser  diodes  with  a  graded  barrier  quantum  well  active  (GBQW) 
layer.  The  total  external  differential  quantum  efficiency  of  these  lasers  without  coatings  was 
measured  to  be  about  15%  per  facet,  and  the  threshold  current  of  a  laser  with  a  50  pm  wide  stripe 
and  a  445  pm  long  cavity  was  160  mA.  The  output  from  the  facet  with  the  reflection  coating  is 
significantly  reduced,  indicating  a  high  reflectivity  at  that  facet.  The  differential  quantum  efficiency 
of  the  laser  is  42%  for  the  facet  with  the  antireflection  coating.  The  threshold  current  of  the  coated 
laser  increased  to  210  mA,  as  expected  when  an  antireflection  coating  is  used. 

We  have  mounted  some  coated  and  uncoated  graded  barrier  quantum  well  lasers  on  heat  sinks 
for  high  power  pulsed  operation.  The  diodes  tested  were  broad  area  lasers  with  150  pm  wide 
stripes.  The  maximum  power  achieved  from  lasers  with  uncoated  facets  was  420  mW  per  facet  at  a 
current  of  2  A,  and  a  pulse  width  of  6  ps.  The  laser  diodes  are  a  graded  barrier  quantum  well 
structure  with  a  50  A  well  and  a  380  pm  long  cavity.  The  coated  diodes  with  30  A  wells  and  150  pm 
wide  stripes  were  mounted  and  pulsed  for  high  power  operation.  The  maximum  power  from  the 
output  facet  was  668  mW  at  a  drive  current  of  2  A  and  a  pulse  width  of  7  ps,  an  improvement  of 
59%.  The  cavity  length  of  this  laser  was  483  pm.  All  the  lasers  suffered  catastrophic  damage  at 
higher  pumping  levels.  Some  lasers  first  had  lower  output  and  later  shorted  out  completely,  while 
others  immediately  shorted  out  when  the  laser  was  pumped  too  hard. 

•  Buffer  layer  and  growth  temperature  effects 
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We  have  studied  the  effect  of  buffer  layers  on  the  quality  of  graded  barrier  quantum  (GBQW)  well 
lasers  with  85%  AIGaAs  confining  layers  grown  by  MOCVD.  Four  wafers,  identical  except  for  the 
buffer  layers,  were  grown  and  tested.  One  wafer  was  grown  with  only  the  normal  GaAs  buffer 
layer,  while  the  other  wafers  had,  in  addition  to  the  GaAs  buffer  layer,  either  a  compositionally 
graded  buffer  (CGB)  layer,  a  superlattice  buffer  layer  (SLB),  or  both  CGB  and  SLB  layers.  Lasers 
fabricated  from  the  wafer  with  a  GaAs  buffer  layer  only  showed  somewhat  more  scatter  in  the 
broad  area  threshold  current  density  data  compared  with  data  from  lasers  having  additional  buffer 
layers.  In  all  other  respects,  particularly  the  average  broad  area  threshold  current  density,  all 
showed  excellent  laser  characteristics.  These  data  illustrate  that  CGB  or  SLB  layers  may  be  useful 
for  slightly  improving  the  uniformity  of  MOCVD-grown  lasers,  but  otherwise  serve  little  purpose. 
We  have  also  investigated  the  effect  of  growth  temperature  on  the  quality  of  the  GBQW  lasers 
with  Alo.a5Gao.15As  confining  layers,  and  found  that  lasers  grown  at  800°C  have  slightly  lower 
thresholds  than  lasers  grown  at  820°C  or  760°C. 
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Technical  Results  -  Year  3: 

•  Buried  heterostructures  by  ion  implantation 

We  have  studied  the  development  of  real-index  guided  buried  heterostructure  layers  by  ion 
implantation  impurity  induced  disordering.  The  structure  we  studied  for  ion  implantation 
disordering  is  a  graded  barrier  quantum  well  heterostructure  with  two  GaAs  wells  and  three  AlAs 
barriers.  The  confining  layers  are  1.0  pm  Alo.85Gao.15As,  and  the  graded  layers  are  parabolically 
graded  in  aluminum  composition  from  x-0.85  to  x-0.40  over  a  thickness  of  1200  A.  Each  of  the 
30  A  GaAs  wells  is  surrounded  on  both  sides  by  1 0  A  AlAs  barriers.  We  implanted  this  wafer  with 
doubly-ionized  Si  at  300  kV,  so  the  energy  is  600  keV.  The  implanted  sample  was  then  annealed 
at  T«845°C  for  t  -  1  hr  in  an  evacuated  quartz  ampule.  The  surface  of  the  wafer  was  capped  with 
layer  of  Si3N4  to  prevent  the  As  from  evaporating.  The  room  temperature  photoluminescence 
(PL)  peak  from  this  implanted  and  annealed  wafer  was  6800  A,  a  substantial  shift  from  the  original 
value  of  7250  A,  indicating  that  the  active  region  was  compositionally  disordered.  Three  10  A  AlAs 
barriers  and  two  30  A  GaAs  wells  would  disorder  into  Alo.33Gao.67As  and  would  have  a  PL  peak  of 
6775  A,  which  is  close  to  the  measured  6800  A.  An  as-grown  sample  from  the  same  wafer  was 
annealed  at  845°C  for  t  -  ihr,  without  Si  implantation.  The  room  temperature  PL  peak  from  this 
wafer  was  7300  A,  indicating  that  disordering  does  not  occur  for  these  times  and  temperatures, 
without  the  Si  ion  implant. 

These  ion  implantation  disordered  buried  heterostructure  lasers  were  processed  using  a  1000  A 
Si3N4  mask.  This  mask  thickness  was  later  found  to  be  inadequate  since  the  implant  could  be 
seen  both  inside  and  outside  the  stripe  region  in  SEM  images  of  the  device.  Subsequently,  a 
S13N4  layer  and  a  photoresist  mask  were  used  protect  the  stripe  region  from  a  300  keV  Si+ 
implant.  The  entire  wafer  is  then  annealed  at  850°C  for  1  -2  hr  to  anneal  and  disorder  the  quantum 
well  outside  the  stripe  region.  We  found  that  a  shallow  zinc  diffusion  in  the  stripe  region  is 
necessary  after  the  annealing  step  in  order  to  form  a  good  ohmic  contact.  The  Si+  implant  does 
not  reach  the  active  layer,  but  the  quantum  well  is  apparently  disordered  to  an  extent  by  the 
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implant,  since  the  emission  from  the  well  shifted,  after  the  Si+  implant  and  anneal,  from  8250  A  to 
7950  A.  The  presence  of  the  Si  in  the  top  contact  layer  outside  the  stripe  region  forms  a  very 
effective  barrier  to  current  flow  outside  the  stripe  region,  resulting  in  low  thresholds  of  20-25  mA 
for  single  element  lasers  with  stripe  widths  of  4-8  pm.  These  lasers  are  not  stable  with  kinks  in  the 
L-l  curve  at  powers  as  low  as  4  mW. 

•  Narrow  zinc  cfiffused  stripe  arrays 

During  this  reporting  period  we  fabricated  and  tested  10  element  arrays  of  narrow  zinc  diffused 
stripe  (NDS)  lasers  having  graded  barrier  quantum  well  active  layers  and  Alo.85Gao.15As  confining 
layers.  The  as-grown  structure  has  1200  A  parabolically  graded  AlxGai.xAs  layers  (x=0.85-0.20) 
and  a  50  A  GaAs  quantum  well  layer.  The  GaAs  cap  layer  and  the  upper  1 .25  pm  of  the  top 
confining  layer  are  grown  n-type,  and  a  zinc  diffusion  through  a  mask  (T-625°C,  t-30  min, 
ZnAs2  source)  is  used  to  form  the  laser  elements.  Ten  element  arrays,  having  either  4  pm  stripes 
and  8  pm  center  to  center  spacings  or  8  pm  stripes  and  12  pm  center  to  center  spacings,  were 
fabricated.  Pulsed  (1.5  psec,  2  kHz)  L-l  measurements  indicate  the  threshold  current  of  the  lasers 
with  8  pm  stripes  ranges  from  90  mA  for  diodes  with  a  cavity  length  of  250  pm  to  120  mA  for  a 
length  of  530  pm.  The  measured  emission  wavelength  from  these  diodes  is  8300  A,  and  the  total 
external  differential  quantum  efficiency  was  38%-46%  at  a  power  of  10-20  mW.  Pulsed  power  of 
195  mW/facet  is  observed  at  a  current  of  1  A.  The  threshold  current  of  the  lasers  with  4  pm  wide 
stripes  ranged  from  105  mA  to  120  mA  for  lengths  ranging  from  356  pm  to  457  pm.  This  is  slightly 
higher  than  observed  for  the  8  pm  wide  stripe  lasers.  The  total  external  differential  quantum 
efficiencies  ranged  from  39%  to  41%  at  a  power  of  approximately  10-20  mW.  A  pulsed  power  of 
215  mW/facet  was  observed  at  a  current  of  950  mA.  Near  and  far  field  pattern  measurements 
indicate  the  arrays  with  4  pm  wide  elements  have  more  stable  field  patterns  than  the  lasers  with  8 
pm  wide  elements.  The  measured  T0  of  the  lasers  with  4  pm  wide  stripes  was  180°C  at  T»20-40°C, 
and  100°C  at  T*40-80°C.  The  cw  power  output  of  these  lasers  was  limited  to  about  40  mW  due  to 
inadequate  heat  sinking. 
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•  Wavelength  tuning  and  uniformity  of  quantum  well  heterostructure  lasers 

We  have  studied  tuning  the  graded  barrier  quantum  welt  laser  to  a  wavelength  of  8080  A  using 
two  approaches.  We  independently  varied  the  well  width  and  the  barrier  composition  (the  Al 
composition  of  the  graded  layers  adjacent  to  the  well).  The  confining  layer  Al  composition  and  the 
graded  layer  thickness  were  kept  constant  at  0.85  and  1200  A,  respectively.  The  structure  we 
studyied  previously  has  a  50  A  well  and  a  barrier  with  Al  composition  x-0.20.  This  combination 
yields  an  emission  wavelength  of  8250  A,  in  close  agreement  with  the  wavelength  calculated  by 
assuming  the  transition  occurs  between  the  n-1  states  of  the  conduction  band  and  the  valence 
band  in  a  single  square  potential  well.  We  calculated  that  the  width  of  the  GaAs  quantum  well 
should  be  38  A,  with  an  x-0.20  barrier,  to  achieve  a  wavelegth  of  8080  A,  or  that  the  barrier 
should  be  x-0.35  with  a  50  A  GaAs  well  to  obtain  8080  A.  We  fabricated  and  tested  broad  area 
laser  diodes  operating  at  a  wavelength  of  8060  A  using  two  different  graded  barrier  quantum  well 
active  layer  structures,  one  with  a  35  A  GaAs  well  and  1200  A  graded  AlxGai.xAs  (x-0.S5-0.20) 
layers,  and  another  with  a  50  A  GaAs  well  with  1200  A  graded  AlxGai-xAs  (x-0.85-0.35)  layers. 
We  also  tested  for  uniformity  of  wavelength  several  diodes  from  another  wafer  (50  A  GaAs  well 
and  1200  A  graded  AlxGai-xAs,  x-0.85-0.20)  which  lases  at  8285  ±  5  A,  for  L  >  400  pm.  The 
wavelength  shifts  for  shorter  cavity  lengths  to  8240  ±  5  A  at  L  -  254  pm.  The  wavelength  remains 
nearly  constant  (±  5  A),  however,  for  several  diodes  with  the  same  cavity  length. 

•  Wavelength  shifts  with  heating 

During  this  reporting  period  we  have  studied  the  dependence  of  emission  wavelength  of  150  pm 
broad  area  oxide  defined  stripe  lasers  on  output  power  for  various  pulse  widths  or  for  cw 
operation.  The  graded  barrier  quantum  well  structure  was  used.  The  confining  layers  were  1 .5  pm 
AlxGai.xAs  (x-0.85),  with  1200  A  graded  regions  of  AlxGai.xAs  (x-0.85-0.20)  surrounding  a  50 
A  GaAs  quantum  well.  The  cw  threshold  current  of  the  150  pm  wide  broad  area  laser  was  typically 
200  mA,  with  a  single  ended  slope  efficiency  of  27  %  per  uncoated  facet.  We  have  studied 
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diodes  using  a  30%-70%  lead-indium  alloy  solder  with  flux,  which  melts  at  174  °C  and  a  pure 
indium  solder  without  flux.  Diodes  mounted  p-side  down  with  350  A  Cr,  2000  A  Au  p-type 
contacts  with  the  pure  indium  solder  are  always  ruined  by  the  soldering  process,  but  are  not 
ruined  if  a  Ti/Pt/Au  contact  is  used.  The  layer  thicknesses  were  300  A  Ti,  450  A  Pt,  and  2000  A 
Au.  A  2000  A  layer  of  nickel,  and  a  1000  A  layer  of  indium  was  evaporated  onto  the  copper  heat 
sink  block,  and  then  the  copper  block  was  indium  plated  to  a  thickness  of  2-3  pm.  No  gold  was 
plated  or  evaporated  onto  the  copper  heat  sink.  The  diode  was  then  placed  on  the  mount  in  an  H2 
atmosphere  and  slowly  heated  to  250  °C  for  15  seconds.  No  flux  was  used  in  this  process. 
Several  diodes  were  mounted  using  this  process,  with  better  results  than  from  diodes  mounted 
using  the  alloy  solder.  For  example,  a  310  pm  long  diode  with  a  150  pm  wide  stripe  mounted  with 
the  pure  In  solder  operated  at  a  cw  power  of  234  mW  per  facet,  at  950  mA  of  current,  wheras  the 
diodes  mounted  with  the  alloy  solder  tend  to  overheat  before  reaching  that  power  level. 

We  deduced  the  operating  temperature  of  the  diode  junction  under  cw  operation  by  two 
independent  methods.  First,  we  tested  the  wavelength  variation  of  diodes  under  cw  operation  as 
a  function  of  output  power,  and  observed  the  wavelength  shift,  which  is  attributed  to  the 
temperature  dependence  of  the  energy  gap  of  GaAs.  The  wavelength  shift  was  not  observed  for 
low  duty  cycle  pulsed  operation,  in  agreement  with  the  above  assumption.  The  temperature  was 
deduced  by  comparing  the  measured  data  with  the  calculated  temperature  dependence  of 
emission  wavelength  based  on  the  n»1  electron  to  heavy  hole  transition  in  the  quantum  well. 
Second,  the  cw  L-l  curve  was  compared  with  T0  data  taken  under  low  duty  cycle  pulsed  operation. 
From  these  data,  we  believe  the  diodes  heat  up  to  40-50  °C.  The  diodes  mounted  with  the  pure  In 
solder  did  not  heat  up  as  much  as  the  diodes  mounted  with  the  alloy  solder,  and  they  also 
exhibited  higher  cw  output  power. 

The  wavelength  shift  associated  with  heating  is  significant.  A  310  pm  long  diode  mounted  with 
pure  In  operated  at  8206  A  under  low  duty  cycle  pulsed  operation  at  any  power  level,  but  the 
wavelength  shifted  to  8260  A  when  operated  cw  at  a  current  of  300  mA,  and  the  wavelength 
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shifted  to  8326  A  when  operated  cw  at  a  current  of  700  mA,  corresponding  to  an  output  power  of 
180  mW  per  facet.  This  wavelength  variation  must  be  taken  into  account  when  designing  a  high 
power  laser  diode  for  8080  A. 

•  Lasers  grown  on  round  LEC  substrates 

In  order  to  determine  the  viability  of  growing  laser  structures  on  LEC  substrates,  which  are 
commercially  desirable  because  of  automated  processing  and  wafer  size  considerations,  we 
examined  the  effect  of  various  buffer  layer  structures  on  the  material  quality  of  bulk  high  compo¬ 
sition  epiiayers  and  on  the  device  characteristics  of  GBQW  laser  structures  grown  simultaneously 
on  HB  and  LEC  substrates.  Structures  were  grown  with  either  no  underlying  buffer  layer,  a 
compositionally  graded  buffer  layer,  a  superlattice  buffer  layer,  or  a  combination  of  a  compo- 
sitionally  graded  layer  plus  a  superlattice.  Bulk  1 .5  pm  layers  of  85%  AIGaAs  were  grown  with  each 
type  of  buffer  on  both  types  of  substrate,  surface  morphologies  were  compared,  and  etch  pit 
densities  (EPD)  were  measured.  The  incorporation  of  the  more  sophisticated  buffer  layers 
resulted  in  improvements  in  surface  morphology  and  EPD  for  both  types  of  substrates,  with  the 
effects  being  dramatically  more  pronounced  for  the  LEC  case.  As  such,  the  material  quality  of 
epiiayers  grown  on  LEC  could  be  made  equivalent  to  that  of  epiiayers  grown  on  HB  with  the 
appropriate  choice  of  buffer  layer.  GBQW  laser  structures  with  50  A  quantum  wells  were  also 
grown  with  all  buffer  layers  on  both  substrate  types  and  were  processed  into  150  pm  wide  broad 
area  oxide  defined  stripe  laser  diodes  with  a  variety  of  cavity  lengths.  Broad  area  threshold  current 
densities,  obtained  from  pulsed  (1.5  ps  pulse  width,  2  kHz  repetition  rate)  L-l  curves,  were 
measured  and  compared  for  the  various  buffer  tayer/substrate  combinations.  All  diodes  exhibited 
extremely  low  thresholds,  with  Jth  -  250  A/cm2  for  500  pm  cavity  lengths.  More  importantly,  no 
variation  in  Jth  was  observed  for  lasers  grown  on  the  same  type  of  substrate  with  any  of  the  buffer 
layer  structures  or  for  lasers  grown  on  both  HB  and  LEC  substrates  with  the  same  underlying 
structure.  These  data  indicate  that  the  device  characteristics  of  GBQW  lasers  grown  by  MOCVD 
are  relatively  insensitive  to  the  type  of  buffer  layer  structure  or  the  type  of  substrate  utilized  and 


ANVEOL  DAAK  20-84-K-0225  Final  Report  Page  22 


that  high  q  uality  laser  structures  can  be  grown  on  LEC  substrates  with  no  increase  in  Jth  over  that 
of  identical  structures  grown  on  HB  substrates. 

•  Wide  stripe  laser  development 

We  began  development  of  a  process  to  fabricate  very  wide  stripe  bar  lasers  (1mm  wide  or  more),  in 
order  to  increase  the  optical  power  of  the  lasers,  which  is  limited  to  roughly  300  mW  per  facet  for 
150  pm  wide  broad  area  lasers.  The  upper  limit  for  the  width  of  a  laser  without  some  form  of  spoiler 
region  along  the  width  is  approximately  equal  to  the  length  of  the  cavity,  since  lateral  lasing  and 
amplified  spontaneous  emission  due  to  the  lateral  cavity  will  compete  with  the  desired  longitudinal 
modes.  In  order  to  increase  the  width  to  1  mm  or  more,  it  is  necessary  to  spoil  the  lateral  cavity 
along  the  bar.  We  have  obtained  a  mask  which  has  spoiler  region  widths  of  1 0,  25, 50,  or  1 00  pm, 
which  separate  400  pm  wide  laser  regions.  The  spoiler  regions  may  be  a  regrown  unpumped 
region  of  GaAs,  or  more  simply,  an  etched  region  similar  to  the  unpumped  region  of  the  shallow 
mesa  laser  outside  the  stripe.  We  tried  etching  the  laser  structure  through  the  active  region  in  the 
spoiler  regions,  and  then  regrowing  GaAs  in  the  etched  spoiler  regions.  We  did  not  expect  the 
GaAs  to  deposit  on  the  Si02  etch  mask,  since  it  does  not  deposit  on  the  narrow  SiC>2  mask  in  a 
complementary  self-aligned  laser.  This  regrowth  did,  in  fact,  deposit  on  the  oxide  since  the  much 
larger  surface  area  allowed  formation  of  nucleation  sites  making  it  difficult  to  complete  the 
processing  for  these  lasers.  To  simplify  the  process,  we  tried  simply  etching  away  most  of  the  top 
confining  layer  in  the  spoiler  regions,  as  in  a  shallow  mesa  laser.  The  etched  region  should 
provide  enough  index  guiding  to  isolate  each  400  pm  wide  laser  region.  These  lasers  were 
processed  into  lasers,  but  the  metalization  in  the  etched  regions  shorted  the  junction. 

We  have  mounted  broad  area  oxide  stripe  graded  barrier  quantum  well  heterostructure  lasers  p- 
side  down  using  evaporated  Ni  (1700  A),  evaporated  Au  (300  A),  and  evaporated  In  (500  A)  on  a 
copper  heatsink.  This  heatsink  was  then  plated  with  In  so  the  total  thickness  of  the  In  is  several 
microns.  The  diode  is  then  placed  on  the  heatsink  in  a  hydrogen  atmosphere  and  slowly  heated 
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to  200  °C  for  2  min  to  solder  the  diode.  The  diodes  lased  cw  at  a  power  of  1 1 4  mW  per  facet  (800 
itiA),  and  had  a  lasing  wavelength  was  8090  A  at  a  cw  power  of  27  mW  per  facet.  The  laser 
wavelength  is  8020  A  when  operated  under  low  duty  cycle  pulsed  conditions.  This  indicates  that 
diode  heating  causes  the  wavelength  to  shift  beyond  the  desired  8080  A. 
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Important  Findings  and  Conclusions: 

•  The  graded  barrier  QWH  structure  is  greatly  superior  to  conventional  DH  lasers  with  alloy  active 
regions  in  terms  of  threshold  current. 

•  The  complementary  self-aligned  stripe  geometry  laser  is  a  stable,  low  threshold,  high  efficiency 
stripe  structure  which  should  be  fully  compatible  with  array  applications. 

•  The  shallow  mesa  array  is  an  excellent  candidate  for  efficient  high  power  laser  arrays. 

•  The  optimum  confining  layer  composition  is  as  high  as  practically  possible.  This  means 
approximately  85-90%  Al  for  MOCVD  grown  structures. 

•  Shallow  mesa  graded  barrier  quantum  well  4-element  laser  arrays  operating  cw  have  a  threshold 
current  of  about  80mA  and  the  diodes  are  phase  locked,  showing  a  double  lobed  far  field  pattern, 
up  to  120  mA. 

•  Five-stripe  self-aligned  laser  arrays  using  graded  barrier  quantum  well  active  regions  have 
threshold  currents  of  80  mA  and  show  stable  mode  operation  up  to  about  100  mW  (pulsed) 
without  phase  locked  operation. 

•  Six-stripe  double  heterostructure  narrow  zinc  diffused  stripe  (DH-NDS)  laser  arrays  have  pulsed 
laser  threshold  currents  from  150  mA  to  200  mA.  The  threshold  current  of  a  single  stripe  device 
was  about  40-50  mA  for  the  same  stripe  width  and  length.  Pulsed  L-l  curves  show  no  kinks  up  to  a 
power  of  1 60  mW  per  facet. 

•  Si+  implantation  that  does  not  reach  the  active  layer  is  effective  in  disordering  graded  barrier 
quantum  well  heterostructure  lasers  and  forms  a  very  effective  barrier  to  current  flow  outside  the 
stripe  region,  resulting  in  low  thresholds  of  20-25  mA  for  single  element  lasers  with  stripe  widths 
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•  Ten  element  arrays  of  narrow  zinc  diffused  stripe  (NDS)  lasers  having  graded  barrier  quantum 
well  active  layers  and  Alo.s5Gao.15As  confining  layers  were  measured  to  have  a  total  external 
differential  quantum  efficiency  of  38%-46%  at  a  power  of  10-20  mW  and  maximum  pulsed  power 
of  215  mW/facet  (uncoated)  at  a  current  of  950  mA. 

•  Laser  diodes  operating  at  a  wavelength  of  8060  A  are  obtained  using  two  different  graded 
barrier  quantum  well  active  layer  structures,  one  a  35  A  GaAs  well  and  a  graded  region  compo¬ 
sition  minimum  of  x-0.20,  and  the  other  a  50  A  GaAs  well  with  a  graded  region  composition 
minimum  of  x«0.35.  The  wavelength  remains  nearly  constant  (±  5  A)  for  diodes  with  the  same 
cavity  length. 

•  Laser  diodes  mounted  to  heat  sinks  with  pure  In  solder  without  flux  are  more  effective  at 
dissipating  heat,  and  also  exhibited  higher  cw  output  power,  than  diodes  mounted  with  a  fluxed 
lead-indium  (30:70)  alloy  solder. 

•  No  variation  in  J#,  was  observed  for  lasers  grown  on  the  same  type  of  substrate  with  any  of  the 
buffer  layer  structures  or  for  lasers  grown  on  both  HB  and  LEC  substrates  with  the  same 
underlying  structure  indicating  that  the  device  characteristics  of  GBQW  lasers  grown  by  MOCVD 
are  relatively  insensitive  to  the  type  of  buffer  layer  structure  or  the  type  of  substrate  utilized. 

•  Broad  area  oxide  stripe  graded  barrier  quantum  well  heterostructure  lasers  operate  cw  at  a  power 
of  1 14  mW  per  facet  (800  mA)  with  a  lasing  wavelength  of  8090  A  at  a  cw  power  of  27  mW  per 
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COMPLEMENTARY  SELF-ALIGNED  LASER 

BY  METALORGANIC  CHEMICAL  VAPOUR 
DEPOSITION 


Indexing  terms:  Lasers  and  laser  applications ,  Semiconductor 
lasers ,  Vapour  deposition 

A  complementary  two-step  MOCVD  growth  technique  for 
the  self-aligned  laser  is  described  which  eliminates  any  pos¬ 
sible  difficulty  associated  with  regrowth  on  a  high  composi¬ 
tion  AIGaAs  layer  by  placing  the  regrowth  interface  outside 
the  stripe  region.  Single-longitudinal-mode  operation  with 
stable  near-  and  far-field  patterns  has  been  obtained  to  more 
than  twice  the  laser  threshold  current. 


Introduction:  To  obtain  single-longitudinal-mode  operation  in 
a  stripe  geometry  laser  diode  over  an  appreciable  drive 
current  range,  the  optical  mode  along  the  junction  must  be 
stabilised.  This  can  be  accomplished  by  introducing  a  built-in 
effective  real  index  step  across  the  stripe  width.  High-power 
stable-mode  operation  has  been  reported1  for  nonplanar 
active  layer  devices;  however,  these  structures  require  the  non¬ 
linear  growth  associated  with  LPE,  and  cannot  readily  make 
use  of  quantum  well  active  layers.  Very  low  laser  threshold 
currents  have  been  obtained  using  the  buried-heterostructure 
design;21  however,  the  large  index  changes  along  the  junction 
plane  mean  a  small  stripe  width  is  needed  for  single-mode 
operation,  limiting  usefulness  to  low  output  power.  In  the  case 
of  the  self-aligned  laser,*-4  a  complex  effective  index  step 
results  from  modal  radiation  loss  into  a  low-bandgap  high- 
refractive-index  n-GaAs  layer  placed  close  to  the  active  layer 
outside  the  stripe  *  In  addition  to  providing  index  guiding,  the 
n-GaAs  layer  establishes  current  confinement  by  means  of  a 
reverse-biased  junction  outside  the  stripe.  The  self-aligned 
structure  allows  the  use  of  any  active  layer,  since  the  effective 
lateral  index  step  is  controlled  separately  by  varying  the  dis¬ 
tance  between  the  n-GaAs  guide  layer  and  the  active  layer.  In 
this  way  stripe  widths  of  4-3  pm  can  be  used  with  all  higher- 
order  lateral  modes  still  being  cut  off.  Conventional  self- 
aligned  lasers  have  previously  been  fabricated  using  an 
interrupted  MOCVD5  growth  process.  The  second  growth 
takes  place  on  an  etched  AIGaAs  layer.  For  high  aluminium 
concentration  in  the  confining  layers,  it  becomes  difficult  to 
obtain  a  quality  electrical  contact  in  the  stripe  region  because 
of  a  thin  native  oxide  layer  which  can  form  at  the  regrowth 
interface.  In  this  letter  we  describe  a  complementary  two-step 
MOCVD  growth  technique  for  the  seif-aligned  laser  which 
eliminates  this  difficulty  by  placing  the  growth  interface 
outside  the  stripe  region. 

Experiment:  The  first  step  in  the  fabrication  of  the  comple¬ 
mentary  self-aligned  laser  is  the  growth  of  any  complete  con¬ 
ventional  double-heterostructure  laser.  In  this  work,  a 
five-layer  structure  was  grown  consisting  of  an  n-GaAs  buffer 
layer  (10  pm),  an  n-AI0  #Ga04As  layer  (2  0  pm),  a  GaAs 
undoped  active  layer  (500  A),  a  p-Al^Ga,,  4As  layer  (2  0  pm) 
and  a  p'-GaAs  contact  layer  (0-2  pm).  The  first  two  layers  are 
doped  with  Se  (1  x  10”  cm-1).  The  p-AlGaAs  layer  and  the 
p " -GaAs  layer  are  doped  with  Zn  (5  x  1017  cm-1  and 
1  x  10”  cm-1).  A  layer  of  Si02  (1000  A)  is  deposited  on  the 
surface  of  the  wafer  and  4  pm  stripes  are  defined  along  the 
( 1 10)  direction.  The  unmasked  regions  outside  the  stripe  width 
are  etched  (H2S04:  H202 :  H20  1:8:10,  1S°C)  into  the 
AIGaAs  layer  to  within  0-25  pm  of  the  active  layer.  With  the 
oxide  mask  still  in  place,  the  mesa  structures  are  returned  to 
the  reactor  for  the  additional  growth  of  10  pm  n-GaAs 
(1  x  10”  cm-1).  This  n-GaAs  layer  provides  enhanced  mode 
guiding  and  superior  current  confinement  relative  to  the 
shallow  mesa  laser.6  The  n-GaAs  layer  does  not  grow  over  the 
oxide,7  so  no  additional  etching  step  is  needed  to  expose  the 
stripe  region,  other  than  removing  the  oxide.  Since  the  reg¬ 
rowth  region  lies  outside  the  laser  stripe  width,  it  is  immaterial 
whether  or  not  an  oxide  forms  on  the  exposed  60%  alloy 
layer.  An  SEM  cross-section  is  shown  in  Fig  1. 


Fig  1  SEM  photograph  of  complementary  self-aligned  laser 

1075  A/cm2  (diode  length  380  pm).  No  kinks  were  observed  in 
the  L/l  characteristics  to  more  than  three  times  the  laser 
threshold  current  Far-field  data  were  obtained  by  rotating  the 
laser  diode  about  a  silicon  photodiode  with  a  mechanical  slit 
aperture.  Near-field  scans  were  obtained  by  focusing  a  micro¬ 
scope  image  of  the  facet  on  to  an  array  imaging  device.  Near¬ 
field  (Fig  2)  and  far-field  optical  patterns  (Fig  3)  show  that 
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complementary  self-aligned  laser 


Results:  Typical  CW  threshold  currents  of  33-45  mA  were  "20  "'0  0  ’0  20 

obtained  for  devices  305-380  pm  long  respectively.  The  broad-  angle,  degrees  f-TiTTl 

urea  threshold  current  density  of  the  starting  wafer  was  Fig  3  CtF  far-held  patterns  alone/  junction  plane 


the  devices  operate  in  the  fundamental  lateral  mode  to  cur¬ 
rents  in  excess  of  2/„.  Beam  divergences  of  the  far-field  pat¬ 
terns  parallel  to  the  junction  plane  are  12°.  Shown  in  Fig.  4 
are  CW  spectra  taken  at  two  current  levels  above  threshold 
(lit  m  46  raA).  Laser  operation  on  a  single  longitudinal  mode 
occurs  over  a  large  current  range,  with  some  mode  hopping, 
extending  from  slightly  above  threshold  (SO  mA)  to  more  than 
twice  threshold  (100  mA).  This  stable  mode  behaviour  indi¬ 
cates  the  presence  of  strong  index  guiding  in  these  structures. 


Conclusions:  A  new  method  for  fabricating  the  self-aligned 
laser  has  been  demonstrated  which  eliminates  possible  diffi¬ 
culties  associated  with  a  high  composition  AlGaAs  interface 
and  interrupted  growth.  Single-longitudinal-mode  operation 
with  stable  near-  and  far-field  patterns  has  been  obtained  to 
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Fig.  4  Single-longitmlinal-mode  CW  spectra  of  a  complementary  self- 
aligned  laser 
/„  «  46  mA 

more  than  twice  the  laser  threshold  current.  This  simplified 
fabrication  technique  is  now  being  applied  to  structures 
having  other  active  region  designs  and  to  index-guided  self- 
aligned  laser  array  structures. 
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The  interface  characteristics  of  five  different  heterostructures  grown  by  metalorganic  chemical 
vapor  deposition  (MOCVD)  have  been  studied  using  secondary  ion  mass  spectroscopy  (SIMS)  and 
high-resolution  transmission  electron  microscopy  (TEM).  Two  all-binary  AlAs-GaAs 
superlattices,  ternary  Al^*  Ga^,  As-GaAs  and  GaASo.,,  P0  M  -GaAs  superlattices  and  a 
mismatched  GaASo,  P0  J  -GaAs  single  interface  have  been  examined  for  compositional  transients 
and  interface  abruptness.  When  an  interrupted  growth  process  (13s  pause  between  layers)  is  used 
in  an  atmospheric  pressure  MOCVD  reactor  system,  no  evidence  of  compositional  transients  is 
observed  in  analysis  of  SIMS  data  interfaces  of  heterostructures  grown  in  this  manner  and 
examined  with  high-resolution  TEM  and  corresponding  lattice  imaging  are  found  to  be  abrupt 
within  a  single  atomic  layer. 

I.  INTRODUCTION 

The  subject  of  interface  transition  width  or  “abrupt¬ 
ness”  is  an  important  issue  for  consideration  of  any  vapor- 
phase  heteroepitaxial  growth  process.  It  is  even  more  impor¬ 
tant  for  III-V  semiconductor  optical  and  electronic  devices 
where  the  heterojunction  interface  is  a  key  element  in  the 
operation  of  the  device.  Metalorganic  chemical  vapor  depo¬ 
sition  (MOCVD)  is  a  rapidly  developing  epitaxial  growth 
method1  for  various  III-V  heterostructure  materials  sys¬ 
tems,  which  promises  to  be  particularly  amenable  to  large- 
scale  commercial  development.  There  has  been,  naturally, 
some  discussion  in  the  literature2-®  of  the  quality  and  abrupt¬ 
ness  of  heterostructure  interfaces,  particularly  AlGaAs- 
GaAs  interfaces.  Typically,  some  indication  of  the  interface 
quality  is  inferred  from  one  or  a  combination  of  several  tech¬ 
niques  including  secondary  ion  mass  spectroscopy  (SIMS), 
low-temperature  photoluminescence  (PL)  and  high-resolu¬ 
tion  transmission  electron  microscopy  (TEM).  The  diversity 
of  such  process  variables  as  growth  temperature,  growth 
rate,  reactor  pressure  (atmospheric  or  reduced),  chamber  de¬ 
sign  (horizontal  or  vertical),  and  gas  exchange  method  (inter¬ 
rupted  or  continuous)  makes  difficult  the  task  of  ascribing 
trends  in  measured  data  to  specific  parameters.  In  this  paper 
we  describe  SIMS  and  TEM  data  obtained  from  high-quality 
heterostructure  interfaces  of  superlattices  in  three  materials 
systems  grown  by  MOCVD.  These  systems  are  ( 1)  AlGaAs- 
GaAs,  (2)  AlAs-GaAs,  and  (3)  GaAsP-GaAs.  The  structures 
are  grown  in  a  vertical  reactor  operated  at  atmospheric  pres¬ 
sure  with  an  interruption  between  the  growth  of  each  layer. 

Nearly  monatomic  interface  widths  are  observed  without 
any  evidence  of  compositional  transients. 

II.  EXPERIMENT 

Five  structures  have  been  studied  using  a  combination 
of  SIMS  and  high-resolution  TEM  methods.  These  samples 
are  I II  an  Al^Ga^.,  As-GaAs  superlattice  with -500- A  layer 
thickness,  (2)  (3)  all-binary  AlAs-GaAs  superlattices, 
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one  with  43-A  and  one  with  17- A  layer  thicknesses,  (4)  a 
GaAsg  WP00J -GaAs  superlattice  with  300-A  layer  thick¬ 
nesses,  and  (3)  a  single  GaASg,  ^0.2  -GaAs  interface.  All 
structures  were  grown  at  temperatures  in  the  range  700- 
730  *C,  at  atmospheric  pressure,  using  substrates  oriented 
( 100)  ±  0.3*.  The  total  gas  velocity  in  the  vertical  reaction 
chamber  was  3.2  cm/s.  Typical  growth  rates  were  approxi¬ 
mately  10  A/s  with  a  15  s  pause  (H2  and  AsHj/PH,  am¬ 
bient)  between  layers.  SIMS  depth  profiles  were  taken  on  a 
Cameca  IMS-3f  ion  microscope  equipped  with  Cs+,  Of , 
and  Ax'*  sources.  The  dynamic  range  and  depth  resolution 
of  SIMS  profiles  are  limited,9-10  by  atomic  mixing,  flatness  of 
the  sputtered  crater,  crater  edge  effects,  neutral  beam  effects 
and  contamination,  and  cannot  be  used  as  an  indication  of 
atomic  layer  resolution.  They  can  be  used  as  an  indication  of 
a  minimum  level  of  interface  abruptness,  and  are  well  suited 
to  show  in  a  reasonably  quantitative  way  the  presence  of 
longer-range  (50-100  A)  systematic  transients  in  AlGaAs 
composition.6-710 

For  high-resolution  TEM  work,  (110)  cross-sectional 
specimens  were  prepared  by  ion  milling.  The  TEM  photo¬ 
graphs  and  corresponding  lattice  images  were  taken  on  a 
Philips  EM420  microscope  with  a  LaBs  filament  source. 
This  method  can  image  the  interfaces  at  the  near  atomic 
level,  but  it  can  be  difficult  to  obtain  enough  contrast 
between  similar  materials  to  infer  interface  quality.  Lattice 
images  were  formed  by  including  the  transmitted  beam,  four 
(111)  equivalent  diffracted  beams  and  two  (002)  equivalent 
diffracted  beams.  The  (111)  diffraction  intensity  from 
GaAs  and  AlAs  is  proportional  to  16(/q.  +  /l, )  and 
16(/A,  4-  /!,)»  respectively.  In  the  case  of  a  (002)  dif¬ 
fracted  beam,  the  diffraction  intensity  from  GaAs  and  AlAs 
layers  is"  proportional  to  16(/G.  — /a,):  and 
16(/A,  —  /a,)2,  respectively.  Since  the  scattering  factors 
/o,  and  /A,  are  nearly  identical,  the  overall  diffraction 
intensity  from  GaAs  layers  is  lower  than  from  AlAs  layers. 
For  the  alloy  Al,Ga, . ,  As,  the  (002)  diffraction  intensity  is 
approximately  proportional  to  16x:(/0,  —  /A, ):.  Thus. 


the  overall  contrast  difference  between  GaAs  and 
Al^Ga,  As  becomes  smaller  as  x  is  lowered.  Very  thin 
specimens  (  <  100  A)  are  used  to  form  the  lattice  images, 
and  the  objective  lens  defocus  is  set  close  to  the  Scherzer 
defocus.12  The  point  resolution  of  the  Philips  EM420  with 
twin  lens  is  3 .9  A  and  therefore  not  optimum  for  high-resolu¬ 
tion  microscopy.  Good  instrumental  stability  (line  resolu¬ 
tion),  however,  allows  us  to  see  the  3.2-  and  2.8  A  lattice 
fringes  and  interpret  correctly  the  correlation  between  the 
lattice  image  and  the  interface  structure.  As  shown  below, 
this  interpretation  is  made  easier  in  higher  contrast  samples. 


III.  COMPOSITIONAL  TRANSIENTS 

In  order  to  obtain  abrupt  transitions  between  grown  lay¬ 
ers  of  different  heterostructure  materials  in  an  atmospheric 
pressure  MOCVD  reactor,  the  growth  rate  must  be  small 
compared  to  the  time  elapsed  during  change  from  a  stable 
flow  of  one  composition  to  a  stable  flow  of  another.  There  are 
two  ways  to  do  this  when  growing,  for  example,  AlGaAs- 
GaAs  heterostructures.  In  the  first,  growth  is  interrupted13 
while  the  flow  of  metal  alkyl  vapors  equilibrates  in  lines  di¬ 
rected  to  vent.  The  surface  of  the  previous  grown  layer  is 
protected  by  an  atmosphere  of  Hj  and  AsH3.  In  the  second, 
both  AsH,  and  trimethylgallium  (TMGa)  sources  flow  con¬ 
tinuously  while  the  flow  of  trimethylaluminum  (TMA1)  is 
switched  between  the  reactor  and  vent  as  needed.  In  the  case 
of  continuously  flowing  sources,  compositional  grading4,6,7 
can  result  ( 1 )  if  the  growth  rate  is  not  small  compared  to  the 
transit  time  of  TMA1  from  its  inlet,  (2)  if  the  transit  time  is 
not  short  compared  to  diffusion  of  the  TMA1  vapor  front,  or 
(3)  if  there  is  a  pressure  differential  or  dead  space  between 
the  TMA1  line  and  the  reactor.  Such  compositional  tran¬ 
sients  are  seen  as  a  marked  overshoot  and  decay  in  the  A1 
signal  of  SIMS  profiles  of  Al,  Ga,  _  ,  As-GaAs  heterostruc¬ 
tures  and  si' per  lattices.  This  transient  can  be  up  to  100  A  in 
width  but  is  often  smaller4,6  and  occurs  when  the  TMA1  flow 
is  directed  into  the  reaction  chamber. 

In  the  case  of  interrupted  growth,  no  such  composi¬ 
tional  transients  should  occur  unless  the  relative  diffusion  of 
the  TMGa  and  TMA!  vapor  fronts  are  very  different  and,  at 
the  same  time,  fast  relative  to  transit  time.  Figure  1  is  SIMS 
data  taken  on  an  Alx  Ga,  _  ,  As-GaAs  (x  =  0.60)  superlattice 
having  layer  thicknesses  of  500  A.  The  As  signal  variation  is 
due  to  the  matrix  effect.  The  A1  signal  measured  in  from  the 
as-grown  surface  shows  the  periodicity  of  the  superlattice.  In 
contrast  to  previously  reported  SIMS  data  from  superlat¬ 
tices  grown  without  interruption,  no  overshoot  transient  is 
present  in  these  samples.  Figure  2  shows  similar  SIMS  data 
taken  on  a  GaAs,, »,  P0  0J  -GaAs  superlattice.  This  composi¬ 
tion  is  low  enough  that  the  mismatch  can  be  accommodated 
without  generation  of  dislocations.  For  the  growth  of  this 
structure,  the  TMGa  line  is  directed  to  vent  while  the  flow 
rate  of  the  AsH}  flowing  continuously  to  the  reactor  is  ad¬ 
justed  and  PH3  is  added.  As  expected,  since  growth  only 
occurs  when  the  metal  alkyl  vapors  are  present,  there  is  no 
evidence  of  compositional  transients  in  the  P  signal  of  the 
SIMS  data. 


Angstroms 

FIG.  1 .  SIMS  profile  of  an  Al„  Ga,  As-GaAs  U  =»  0.60)  superlattice  hav¬ 
ing  500-A  layer  thicknesses.  No  evidence  of  a  compositional  transient  is 
observed  in  the  A]  signal. 


FIG  2.  SIMS  profile  of  a  GaAs,  .  ,P,  -GaAsl.r  =  0.051  superlattice.  At  this 
low  composition,  the  strain  introduced  by  mismatch  is  accommodated 
without  the  formation  of  dislocations.  No  compositional  transient  is  ob¬ 
served  in  either  P  or  As  signal. 
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IV.  HIGH-RESOLUTION  TEM  ANALYSIS 

In  analyzing  high-resolution  TEM  data  obtained  from 
Al*Ga,  _  ,  As-GaAs  heterostructure  interfaces,  one  must  be 
careful  to  consider  a  number  of  fundamental  limitations  to 
the  measurement.  As  the  composition  of  the  alloy  layer  is 
made  smaller,  contrast  between  layers  is  reduced.  Also, 
when  samples  are  made  thin  enough  for  effective  lattice 
imaging,  a  smaller  number  of  atomic  layers  in  the  plane  of 
the  interface  are  sampled.  Also,  as  the  composition  is 
lowered,  there  is  a  stronger  probability  at  the  microscopic 
level  of  composition  deviation  from  the  macroscopic  compo¬ 
sition.14  These  facts  lead  to  uncertainty  in  determining  the 
quality  and  abruptness  of  the  interface,  if  only  lower  compo¬ 
sition  alloy  samples  are  considered.  Shown  in  Fig.  3  is  a  high- 
resolution  TEM  photograph  with  associated  lattice  image  of 
an  interface  (arrow)  of  the  AlzGa,  _  ,  As-GaAs  (x  =  0.60) 
500-A  superlattice  of  Fig.  1 .  As  described  above,  it  is  difficult 
to  clearly  resolve  a  value  for  interface  width. 

Figures  4  and  3  show  high-resolution  TEM  photo¬ 
graphs  with  associated  lattice  images  for  parts  of  two  AlAs- 
G&As  superlattices  having  43- A  and  17- A  layer  thicknesses, 
respectively.  The  contrast  between  the  all-binary  layers  of 
these  structures  is  much  higher  than  for  the  alloy  hetero¬ 
structure  of  Fig.  3  and  there  is  also  no  possibility  of  micro¬ 
scopic  compositional  variation  in  all-binary  structures. 
Thus,  the  interfaces  appear  sharp  and  transition  from  one 
composition  to  another  occurs  in  a  single  atomic  layer.  The 
slight  difference  between  the  GaAs-on-AlAs  interfaces  and 
the  AlAs-on-GaAs  interfaces  in  these  figures  may  be  related 
to  the  dependence  of  compositional  grading  on  interruption 
observed  by  Shealy  et  al.13  In  the  worst  case,  however,  this 
grading  occurs  in  no  more  than  two  atomic  layers.  Figure  6  is 
a  bright-field  image  of  a  ( 1 10)  cross  section  of  an  MOCV ID- 
grown  single  layer  (0.3  fim  thick)  of  GaASg,  Pa2  on  GaAs. 
At  this  magnification,  the  interface  (arrow)  shows  the  de¬ 
fect  structure  expected  for  a  severely  mismatched  materials 
system.  The  strain  introduced  by  the  mismatch  between  lay- 


FIG.  3.  High-resolution  TEM  photograph  with  corresponding  lattice  im¬ 
age  of  an  AL*  Gao  .As-GaAs  interface  of  the  superlattice  of  Fig.  I.  The 
interface  (arrowi  is  difficult  to  distinguish  because  of  low  contrast  at  this 
composition  and  the  thickness  of  the  specimen. 


FIG.  4.  High-resolution  TEM  photograph  with  corresponding  lattice  im¬ 
age  of  several  interfaces  of  an  AlAs-OaAs  superlattice  having  45-A  layer 
thicknesses.  The  interfaces  are  clearly  distinguishable  and  are  abrupt  within 
a  single  atomic  layer. 

ers  is  accommodated  by  the  generation  of  microtwins  which 
propagate  into  the  substrate  and  to  the  surface  along  (111) 
planes.  For  reference,  the  two  longest  twins  are  separated  by 
0.5  fxm.  Figure  7  is  a  high-resolution  TEM  photograph  with 
lattice  image  of  the  same  single  layer  of  GaAs^,  P0  2  on 
GaAs.  Even  though  this  heterostructure  materials  system  is 
severely  mismatched  at  this  composition  and  the  overall  dif¬ 
fraction  intensity  (and  contrast)  is  low,  it  is  still  evident  that 
the  interface  (arrow)  is  of  high  quality  microscopically  and 
that  the  transition  between  layers  is  abrupt  The  microtwin  is 
seen  to  be  approximately  7  or  8  atomic  layers  wide. 

V.  CONCLUSION 

In  terms  of  transients  in  the  composition  of  heterostruc¬ 
tures  grown  by  MOCVD,  SIMS  data  presented  here  suggest 
that  growth  of  these  structures  using  the  interrupted  Sow 
method  is  preferable  to  continuous  growth  methods.  It  may 
be  possible,  however,  especially  at  reduced  pressure  or  in  a 


FIG.  3.  High-resolution  TEM  photograph  with  corresponding  lattice  im¬ 
age  of  veve::'  periods  of  an  AlAs-GaAs  superlattice  having  I7-A  layer 
thicknesses.  The  interfaces  are  regular,  without  undulation  and  abrupt. 
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FIG.  6.  Bright-Odd  image  of  a  ( 1 10)  Croat  section  of  a  single  GiAij,  Pa,  - 
GaAs  interface.  The  interface  (arrow)  at  this  magnification  shows  the  defect 
structure  expected  for  a  mismatched  system.  The  strain  is  accommodated 
by  the  generation  of  mkrotwins  along  ( 1 1 1)  planes. 

vacuum,14  to  design  a  continuous  flow  system  which  avoids 
these  compositional  transients.  Since,  the  kinetics  of  growth 
for  AlGaAs,  GaAsP,  GaAs,  and  AlAs  layers  is  nearly  iden¬ 
tical  for  the  structures  described  in  this  work,  it  is  clear  that 
any  question  of  uniformity  or  abruptness  in  lower-composi¬ 
tion  alloy  AlGaAs-GaAs  heterostructures  results  from  limi¬ 
tations  in  the  measurement — not.  in  the  interrupted 
MOCVD  growth  process.  It  is  reasonable  to  extrapolate 
from  the  TEM  data  taken  on  all-binary  superlattices  and  the 
GaAsP-GaAs  heterostructure  and  conclude  that  the  inter¬ 
faces  of  MOCVD  grown  AlGaAs -GaAs  heterostructures  is 


FIG.  7.  High-resolution  TEM  photograph  with  corresponding  lattice-im¬ 
age  of  a  single  GaAs„ ,  P„ ,  -GaAs  interface  larrow).  The  interface  is  micro¬ 
scopically  abrupt  periodic  microtwins  1 7-8  atomic  layers  widei  propagating 
toward  the  surface  along  a  1 1 1 1 1  plane. 


abrupt  within  a  single  atomic  layer.  This  is,  of  course,  only 
true  in  the  sense  of  extension  to  a  large  number  of  atoms  in 
the  two-dimensional  plane  of  the  interface.  As  reported  pre¬ 
viously,17  no  difference  between  (110)  and  (110)  cross  sec¬ 
tions  is  observed  and  no  evidence  for  nucleation  at  isolated 
sites  followed  by  growth  along  the  interface  is  observed.  No 
undulations8  are  observed  in  the  interfaces  of  any  of  these 
structures.  No  attempt  was  made  to  examine  the  effect  of 
varying  the  length  of  the  pause  between  growth  of  consecu¬ 
tive  layers.  Variation  in  “squareness”  or  distortion  in  thin 
layer  size  with  pause  time  has  been  reported.3  This  variation 
was  obtained  from  analysis  of  low-temperature  PL  data  tak¬ 
en  on  samples  having  confining  layer  compositions  that  were 
rather  low  (x  =  0.24-0.36)  and  growth  rates  that  are  some¬ 
what  high  ( 1 2-20  A/s).  There  is  quite  large  scatter  in  the  data 
and  no  physical  measurements  were  reported,  but  for 
shorter  pause  times  (less  than  10  s)  the  optical  properties 
suggest  more  distortion  of  the  layers  and  less  abrupt  inter¬ 
faces. 
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The  growth  mechanisms  for  GaAs,  _,P, /GaAs  heterostructures  grown  by  metalorganic  chemical  vapor  deposition  (MOCVD) 
have  been  studied  by  changing  the  P  composition,  which  changes  the  extent  of  lattice  mismatch.  Two-dimensional  layer  growth  is 
found  to  be  dominant  with  no  three-dimensional  island  growth  in  evidence,  up  to  a  lattice  mismatch  of  I  A%.  The  early  stages  of  the 
epitaxial  growth  have  been  studied  by  conventional  transmission  electron  microscopy  and  high  resolution  electron  microscopy. 
Mechanisms  for  the  generation  of  misfit  dislocations  and  microtwins  are  described. 

I.  Introduction  lattice  mismatch  on  the  growth  mode  of  III- V 

compounds  grown  by  MOCVD.  Two-dimensional 
The  particular  mode  of  growth  assumed  by  any  layer  growth  is  shown  to  be  dominant,  with  no 

epitaxial  deposition  method  has  a  great  influence  evidence  of  any  three-dimensional  island  growth 

on  the  type  of  defects  and  the  defect  density  in  an  in  GaAsP/GaAs  heterostructures  grown  bv 

epitaxial  layer.  In  general,  there  are  three  modes  of  MOCVD.  The  early  stages  of  epitaxial  growth  of 

epitaxial  growth:  two-dimensional  layer  growth.  GaAsP  on  GaAs  substrates  have  been  studied  by 

three-dimensional  island  growth  or  a  mixture  of  using  both  strong-beam  diffraction  techniques  and 

the  two  [1.2].  Two-dimensional  layer-by-layer  high  resolution  electron  microscopy  (HREM).  and 

growth  produces  epitaxial  layers  with  sharp  inter-  generation  mechanisms  for  misfit  defects  have  been 

faces  and  uniform  thicknesses.  Metalorganic  chem-  discerned, 

ical  vapor  deposition  (MOCVD)  [3]  has  been  used 
to  prepare  semiconductor  heterostructures  with 

abrupt  interfaces  and  large-area  growth  uniformity  2.  Experimental  methods 
[4].  Much  of  the  development  of  high  performance 

electronic  and  optoelectronic  devices,  such  as  lasers  Fig.  1  is  a  schematic  diagram  of  an  MOCVD 

and  field  effect  transistors,  is  based  on  the  reactor  system.  Not  shown  is  an  additional  hy- 

MOCVD  growth  of  sophisticated  structures.  The  dride  source  line  for  PH,  which  is  similar  to  the 

effects  of  growth  temperature  and  lattice  mismatch  AsH,  line.  High  purity  trimethvlgallium  (TMGa) 

on  the  growth  mode  have  previously  been  de-  has  been  used  as  the  Ga  source.  AsH,  and  PH,  as 

scribed  for  Ge.Si,  _  ,/Si  heterostructures  grown  by  the  As  and  P  sources,  respectively,  and  H,  is  used 

MBE  [5-7],  In  this  paper  we  have  studied  by  as  the  carrier  gas.  The  fundamental  principles 

transmission  electron  microscopy  the  effect  of  which  describe  the  MOCVD  growth  process  are 


0022-0248/85/503.30  o  Elsevier  Science  Publishers  B.V. 
(North-Holland  Physics  Publishing  Division) 


4:6 


S  J  Jeng  et  al.  /  Growth  mechanisms  of  GaAsP/GaAs  heterosiructures  by  MOCK'D 


Electronic  Flow 


Automatic  Valve*  Controller* 


Computer  Control 


Fig.  1.  Schematic  diagram  of  an  MOCVD  reactor. 


hydrodynamics,  mass  transport  theory,  thermody¬ 
namics  and  surface  kinetics  (3.8].  The  vapors  of 
the  liquid  metal  alkyl  are  transported  by  the  H, 
carrier  gas.  mixed  with  the  gaseous  hydrides,  and 
transported  to  the  vicinity  of  a  heated  susceptor 
where  they  diffuse  through  a  complex  boundary 
layer  above  the  heated  substrate.  The  basic  reac¬ 
tions  involved  are  the  pyrolysis  of  TMGa.  PH, 
and  AsH,  into  Ga  atoms  and  P4  and  As4  mole¬ 
cules  near  the  heated  substrate  and.  subsequently, 
the  recombination  of  these  atoms  and  molecules  at 
the  substrate  surface.  A  near-thermodynamic  equi¬ 
librium  condition  exists  at  the  vapor-substrate 
interface  due  to  the  very  small  chemical  potential 
drop  across  the  interface  [9],  The  growth  rate  is 
constant  over  a  wide  range  of  temperatures,  indi¬ 
cating  that  it  is  controlled  by  the  diffusion  of  the 
Ga  species.  For  growth  under  conditions  of  excess 
column  V  reactants,  the  growth  rate  is  linearly 
proportional  to  the  Ga  flux.  Multilayers  of  differ¬ 
ent  composition  can  be  obtained  by  using  auto¬ 
matic  sequencing  for  switching  to  different  sources. 
Prior  to  deposition,  the  substrate  is  cleaned  with 
solvents  and  HC1  to  remove  surface  oxides  and 
residual  contamination. 

GaAs„  „  P„  j  and  GaAs,iAP„4  single  layers  with 
various  thicknesses  were  grown  by  MOCVD  on 
(001)  GaAs  substrates.  (110)  cross-sectional  and 
(001)  planar  specimens  of  the  GaAsP/'GaAs  het¬ 
erostructures  for  TEM  observations  were  prepared 
by  ion-milling.  Both  strong-beam  diffraction  and 


HREM  were  performed  using  a  Philips  EM420 
microscope  equipped  with  a  LaB,,  filament. 

3.  Growth  mode 

There  are  three  modes  of  epitaxial  growth:  (1) 
layer-by-layer  growth  (Frank- Van  der  Merwe 
mode).  (2)  three-dimensional  island  growth 
(Volmer-Weber  model).  (3)  and  a  mixed  mode 
( Stranski-  Krastanov  mode)  (2).  For  epitaxial 
growth  of  good  quality  (i.e..  abrupt  interface  and 
uniform  layer  thickness),  two-dimensional  layer 
growth  is  preferred.  There  are  several  parameters 
which  will  affect  the  growth  mode.  Fig.  2  contains 
a  simplified  atomistic  model  of  epitaxial  growth 
on  a  substrate  with  an  orientation  of  threefold 
symmetry.  As  the  fourth  atom  (shaded  atom)  joins 
a  cluster  of  three  atoms,  it  can  either  assume  a  step 
site  and  grow  as  form  a  (layer  growth)  or  it  can 
diffuse  to  the  top  of  the  cluster  and  take  the  form 
b  (island  growth).  The  adsorption  energy  of  an 


Fig.  2.  Simplified  atomistic  mode!  of  epitaxial  growth  on  a 
substrale  wuh  an  orienlalion  of  ihree-fold  symmetry  The 
binding  energy  of  a  nearest-neighbor  bond  model  for  a  cluster 
of  four  atoms  is  4£(  s- 5 £h  for  form  a  ilayer  growth)  and 
-6£h  for  form  b  (island  growthl. 
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isolated  adatom  on  the  substrate  is  £ u  and  the 
binding  energy  between  nearest  neighbors  in  the 
cluster  is  Eb.  Thus,  the  energy  of  form  a  will  be 
4£a  +  5£„  and  that  for  form  b  is  3 £,  +  6 £h.  The 
energy  difference  between  the  two  growth  modes 
is  £4-£b.  If  £a  —  £h  >  0  (or  £,>£„),  two-di¬ 
mensional  layer  growth  is  dominant,  otherwise, 
three-dimensional  island  growth  dominates  [10]. 
Two-dimensional  growth  tends  to  propagate  in 
steps  across  the  surface.  Stringfellow  has  pointed 
out  [11]  that  in  the  diamond  cubic  lattice  the  (100) 
and  (110)  faces  are  naturally  rough,  while  the 
close-packed  (111)  surface  is  smooth.  Crystallo¬ 
graphic  steps  may  be  required  for  growth  on  a 
(111)  substrate  surface,  implying  that  growth  will 
occur  at  steps  which  are  present  due  to  thermal 
roughening  or  misorientation.  Layer  growth  can 
also  be  disturbed  by  impurities  or  defects  incorpo¬ 
rated  into  the  growing  Him,  which  may  affect  the 
nucleation  kinetics  or  cause  adsorption  at  kink 
sites  at  the  edges  of  the  growing  layers  [10,12].  In 
summary,  then,  the  mode  of  nucleation  and  growth 
of  epitaxial  layers  is  governed  by  the  bonding 
energy  between  deposited  species  and  substrate 
£,.  the  cohesive  binding  energy  in  the  deposited 
cluster  £h,  the  diffusion  energy  of  adatoms  on  the 
substrate  surface,  the  substrate  surface  topography 
and  microstructure,  the  presence  of  contaminants, 
the  substrate  temperature,  and  the  lattice  mis¬ 
match. 


4.  Results  and  discussion 

Two-dimensional  layer  growth  has  been  dis¬ 
cussed  by  Frank  and  Van  der  Merwe  [13]  and  Van 
der  Merwe  [14],  They  proposed  that  when  the 
epitaxial  layer  is  thin,  it  is  elastically  strained  to 
match  the  substrate  providing  the  lattice  mis¬ 
match.  /,  is  less  than  \2%.  As  the  film  thickness  is 
increased,  part  of  the  strain  will  be  accommodated 
by  misfit  dislocation  formation  at  the  interface. 
The  critical  thickness,  h calculated  by  Matthews 
et  al.  [15]  for  the  misfit  dislocation  formation  is 

h L  =*  [6/8ir/(l  +  v)J  \n(hyb). 

where  b  is  the  Burgers  vector,  v  is  Poisson's  ratio. 


Fig.  3.  (002)  Dark  Field  images  of  GaA.s,IHP„,/GaAs  helero- 
struciures  grown  by  MOCVD  with  GaAs„,R,,  layer  thickness 
of  200  A  in  (a)  and  800  A  in  (b).  For  the  200  A  case,  (he 
interface  is  smooth  and  without  defects  indicating  that  laver- 
by-layer  growth  has  occurred.  A  (220)  dark  field  image  (c)  of 
an  800  A  layer  shows  a  dislocation  d  at  the  interface.  The 
fringe  contrast  t  is  due  to  microtwins,  (b)  Marker  represents 
500  A. 
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arid  /  is  the  lattice  mismatch.  Fig.  3  shows  (002) 
dark  field  images  of  GaAs0>Pu;  single  epilayers 
grown  by  MOCVD  on  GaAs  substrates  having 
layer  thicknesses  of  (a)  200  A  and  (b)  800  A.  For 
the  200  A  case,  the  interface  is  smooth  and  without 
defects  indicating  that  the  growth  mode  is  two-di¬ 
mensional  layer  growth.  As  the  layer  thickness  is 
increased  beyond  hc,  microtwins  and  dislocations 
are  formed  as  shown  in  (b).  Figure  3c  is  a  (220) 
dark  field  image  of  an  800  A  layer  showing  dislo¬ 
cations  (d)  at  the  interface.  The  fringe  contrast  (t) 
is  due  to  a  microtown.  The  mismatch  between 


GaAs0SP„ ,  and  GaAs  is  0.71%.  which  yields  a 
calculated  h t  of  140  A.  The  critical  thickness,  h t. 
for  the  misfit  defects  formation  must  be  greater 
than  200  A  (fig.  3a),  which  is  larger  than  the  value 
calculated  by  Matthews’  model.  The  discrepancy 
may  be  due  to  (1)  a  large  Peierls  stress  in  zinc- 
blende  structures.  (2)  an  oversimplified  dislocation 
configuration  in  Matthews’  model.  (3)  interfacial 
nucleation  [6]  (only  surface  nucleation  of  disloca¬ 
tions  is  assumed  in  Matthews'  model),  or  (4)  dislo¬ 
cation-induced  elastic  strain. 

Fig.  4  shows  (002)  dark  Field  images  of 


Fig.  4.  (002)  Dark  field  images  of  CaAs04P„4/GaAs  heterostructures  grown  by  MOCVD  with  layer  thickness  of  (a)  20  A.  (bl  100  A 
and  (c)  500  A.  Both  the  20  A  and  100  A  layers  show  that  the  growth  mode  is  layer-by-layer  growth,  and  that  the  interface  is  smooth 
without  defects.  For  the  500  A  layer,  microtwins  t  and  microcracks  c  are  introduced.  A  (220)  dark  field  image  (d)  of  the  500  A  layer 
shows  microtwins  t  and  microcracks  c. 
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GaAs06P04/GaAs  heterostructures  grown  by 
MOCVD  having  layer  thicknesses  of  (a)  20  A.  (b) 
100  A  and  (c)  500  A.  The  interface  is  smooth  and 
without  defects  for  both  20  A  and  100  A  layers. 


implying  that  layer-by-layer  growth  has  occurred. 
Fig.  4d  is  a  (220)  dark  field  image  of  the  500  A 
layer  which  shows  the  presence  of  microtwins  (t) 
and  microcracks  (c).  Microcracks  occur  more  read- 
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Fig,  5.  Lattice  image  of  a  microtwin  in  a  GaAsOMP02/GaAs  heierostructure  having  a  GaAs,)KP02  layer  thickness  of  5000  A.  The 
twinning  plane  is  {111}.  Enlargement  (b)  of  circled  regions  F  and  SI  shows  a  Frank  partial  and  a  Shockley  partial  at  the  twin 
boundary.  Enlargement  (c)  of  S2  shows  another  Shockley  partial  at  the  twin  boundarv. 
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ily  when  the  epilayer  is  under  tension  rather  than 
compression  and  can  be  eliminated  by  growing  a 
compositionally  graded  layer  prior  to  growth  of 
the  epilayer.  The  mismatch  between  GaAs06Pg4 
and  GaAs  is  1.4%  yielding  a  calculated  Ac  of  60  A. 
As  above,  the  calculated  hc  is  smaller  than  the 
apparent  hQ  ( >  100  A).  There  is  no  evidence  of 
any  island  growth,  and  the  origin  of  microtwins  or 
dislocations  is  not  likely  to  be  due  to  the  coalesc¬ 
ing  of  misfit  islands  in  the  early  stages  of  growth 
[16].  Instead,  for  two-dimensional  layer  growth,  a 
possible  nucleation  mechanism  for  dislocations  is 
(1)  dislocation  nucleation  at  the  edge  of  the  grow¬ 
ing  layer  and  slip  into  the  interface.  (2)  climbing  of 
a  dislocation  loop  nucleus  from  the  free  surface 
with  dissociation  at  the  interface  [17,18],  or  (3) 
interfacial  nucleation  occurring  at  a  local 
high-stress  area.  The  origin  of  the  microtwins  is 
probably  nucleation  of  either  Frank  or  Shockley 
partials  at  localized  stress  concentrators  (either  at 
the  surface  or  interface).  The  motion  of  partial 
dislocations  by  shear  stress  and  subsequent  coales¬ 
cence  of  the  associated  stacking  faults  will  create 
microtwins.  Fig.  5a  shows  a  microtwin  with  a 
width  of  28  A  in  a  GaAs08P02/GaAs  heterostruc- 
ture  (the  layer  thickness  of  the  GaAs08P02  is  5000 
A.  The  twinning  plane  is  [111].  The  microtwin 
tapers  when  approaching  the  interface  (indicated 
by  arrows).  After  passing  the  interface,  the  micro- 
twin  intersects  a  stacking  fault  (SF).  Figs.  5b  and 
5c  contain  enlarged  lattice  images  of  the  circled 
regions  SI,  F  and  S2  and  indicate  the  Frank  and 
Shockley  partials  located  at  the  twin  boundary. 

5.  Conclusion 

The  growth  mode  of  GaAs,  _  tPr/GaAs  hetero¬ 
structures  grown  by  MOCVD  has  been  studied  by 
varying  the  lattice  mismatch  between  the 
GaAs,  _  tPt  and  GaAs.  Two-dimensional  layer-by- 
layer  growth  dominates  with  no  evidence  of  three- 
dimensional  island  growth  up  to  lattice  mis¬ 
matches  of  1.4%.  The  apparent  critical  thickness 
for  misfit  defect  formation.  hc,  is  larger  than  that 
calculated  from  Matthews'  model.  The  dis¬ 
crepancy  may  be  due  to  an  oversimplified  disloca¬ 
tion  configuration  used  in  Matthews'  model,  the 


large  Peierls  stress  in  the  zinc-blende  structure  or 
the  possible  interfacial  nucleation  of  misfit  defects. 
For  two-dimensional  layer  growth,  the  most  likely 
origin  of  misfit  defect  generation  is  the  nucleation 
of  defects  at  stress  concentrators  at  either  the 
surface  or  the  interface. 
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Graded  barrier  quantum  well  heterostructures  have  been  grown  by  metalorganic  chemical  vapor 
deposition  and  processed  into  real  index-guided  shallow  mesa  laser  arrays.  Single-stripe  devices 
have  threshold  currents  as  low  as  14  mA  (533/zm  length)  and  ten-element  arrays  have  threshold 
currents  as  low  as  9  mA  per  stripe  with  52%  differential  quantum  efficiency.  These  arrays  operate 
phase  locked  with  sharp  double-lobed  far-field  patterns  up  to  1.75  times  threshold  current. 


Phase-locked  semiconductor  laser  arrays  have  been 
shown  to  be  capable  of  high  output  power  and  narrow  stabi¬ 
lized  far-field  patterns. 12  Unless  sufficient  gain  is  introduced 
in  the  region  between  array  elements,3  a  characteristic  dou¬ 
ble-lobed  far-field  pattern  is  observed.  This  indicates  that  the 
laser  is  operating  primarily  in  the  highest  order  array  mode 
with  a  180*  phase  shift  between  neighboring  elements.4  In 
contrast  to  purely  gain-guided  devices,  arrays  with  built-in 
real  refractive  index  variations  along  the  plane  of  the  junc¬ 
tion  offer  stable  transverse  modes  and  astigmatic  output 
beams.2  Several  different  structures  have  been  utilized  to 
form  index-guided  arrays,2-3-5  with  perhaps  the  simplest  be¬ 
ing  the  shallow  mesa  array.  Besides  relative  ease  of  fabrica¬ 
tion,  mesa  arrays  have  relatively  small  effective  index 
changes  between  array  elements.  This  allows  the  device  to 
have  stable  near-field  patterns,  with  sufficient  coupling 
between  elements  to  phase  lock  the  output  of  the  array. 

Shallow  mesa  arrays,  utilizing  Schottky-barrier  current 
confinement,  were  recently  fabricated  from  large  optical 
cavity  active  layer  laser  structures.2  After  masking  the  stripe 
regions,  mesas  are  formed  by  wet  chemical  etching  of  the 
regions  between  the  stripes  up  to  a  point  near  ( ~0.5  /zm), 
but  not  through,  the  active  layer.  The  entire  sample  is  metal¬ 
lized  with  Cr/Au  providing  an  ohmic  contact  in  the  stripe 
region  and  Schottky  barriers  outside  the  mesas.  Because  the 
device  has  a  planar  active  layer,  any  underlying  laser  struc¬ 
ture  active  region  can  be  used. 


At  composition 

FIG.  1.  Schematic  diagram  of  graded  barrier  quantum  well  laser  structure 
and  the  profile  of  the  aluminum  concentration  in  the  structure. 


In  this  letter  we  report  shallow  mesa  arrays  which  have 
been  fabricated  using  a  graded  barrier  quantum  well  hetero¬ 
structure  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD).  The  laser  structure  (shown  in  Fig.  1)  consists 
of  an  n-GaAs  buffer  layer  (0.5  /zm),  an  n-AlGaAs  graded 
layer  x  —  0-0.6  (1.0/zm),  an  /i-Alo^  Gao 4  As  confining  lay¬ 
er  ( 2.0  /zm ) ,  an  n-AlGaAs  parabolic  graded  region  x  =  0.6- 
0.2  (0.2 /zm),  a  50  A  undoped  quantum  well,  a p-AlGaAs 
parabolic  graded  region  x  =  0.2-0. 6  (0.2  /zm),  a  p- 
Alo  6  Gao  4  As  confining  layer  ( 2.0/zm ) ,  and  a p*  -GaAs  cap 
layer  (0.2  /zm).  The  n -confining  layer  is  doped  3xl017 
cm-3,  the  />-confining  layer  at  8x  1017  cm-3,  while  both 
graded  regions  are  doped  at  2  X  1017  cm  - 3.  The  graded  bar¬ 
rier  region,  illustrated  in  Fig.  1  enhances  the  collection  of 
carriers  in  the  quantum  well6  and  provides  a  large  optical 
cavity  which  improves  the  laser  confinement  factor  in  com¬ 
parison  with  a  single  isolated  quantum  well.7  Low  laser 
threshold  currents  are  obtained  with  this  structure,  primar¬ 
ily  due  to  the  quantum  size  effect  which  shifts  the  peak  gain 
towards  higher  energy  (larger  density  of  states  for  optical 
transitions ) .“  In  addition,  the  relatively  large  graded  barrier 
active  region  is  ideal  for  array  structures,  having  increased 
optical  coupling  between  array  elements  relative  to  that  of  a 
narrow  conventional  double  heterostructure  active  layer. 


FIG.  2.  Scanning  electron  micrograph  at  two  magnifications  of  ten-stripe 
graded  barrier  quantum  well  heterostructure  shallow  mesa  array  structure. 
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FIG.  3.  Typical  pulsed  L-l  characteristic  of  a  ten-  element  graded  barrier 
quantum  well  heterostructure  shallow  mesa  laser  array.  Differential  quan¬ 
tum  efficiencies  of  32%  are  obtained  for  this  length  device. 


FIG.  S.  Far-Held  radiation  patterns  of  a  ten-element  graded  barrier  quan¬ 
tum  well  hetertntructure  shallow  mesa  laser  array.  Phase-locked  operation 
is  indicated  by  the  double- lobed  pattern  and  is  observed  from  just  above 
laser  threshold  to  more  than  twice  threshold. 
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FIG.  4.  Near-Held  radiation  pattfcrus  of  a  ten-element  graded  barrier  quan¬ 
tum  well  heterostructure  shallow  mesa  laser  array  at  several  drive  currents 
above  threshold.  No  shift  in  the  optical  field  is  observed  as  the  drive  current 
is  increased. 


Single-stripe  and  ten-stripe  devices  have  been  fabricated  by 
etching  (1:8:10  H,  SO«  :H2  02  :H2  O  at  0*0  to  within  0.4 
/xm  of  the  edge  of  the  graded  region.  All  devices  have  4.5- 
jxm-wide  mesas  and  8-/xm  center-to-center  spacing.  A  scan¬ 
ning  electron  micrograph  of  the  ten-stripe  array  structure  at 
two  magnifications  is  shown  in  Fig.  2. 

Single-stripe  devices  have  threshold  currents  as  low  as 
14  mA  for  devices  533 /xm  in  length.  These  devices  have  been 
operated  cw  up  to  25  mW  per  uncoated  facet,  with  external 
differential  quantum  efficiencies  of  —  70%.  During  cw  oper¬ 
ation,  a  single  longitudinal  mode  is  observed  at  a  wavelength 
near  8200  A,  which  is  close  to  the  value  expected  for  a  50-A 
well  and  x  =  0.20  A1  barriers  as  calculated  from  a  finite  well 
model  (8215  A).  The  pulsed  (1  /xs,  2  kHz)  light  output 
power-current  characteristics  of  a  typical  ten-stripe  device 
are  shown  in  Fig.  3.  These  devices  have  threshold  currents 
between  90  and  100  mA  (9- 10  mA  per  stripe)  fora381-/xm- 
Iong  cavity.  External  differential  quantum  efficiencies  of 
52%  are  obtained  for  this  length  device. 

The  near-field  pattern  at  several  different  drive  currents 
above  threshold  of  the  ten-stripe  array  of  Fig.  3  is  shown  in 
Fig.  4.  Just  above  threshold  all  ten  stripes  of  the  array  are 
lasing.  No  shift  in  the  optical  field  is  observed  as  the  dnve 
current  is  increased,  in  contrast  to  purely  gain-guided  de- 
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vices.’  Far-field  patterns  of  the  same  ten-element  device  arc 
shown  in  Fig.  S.  Phase-locked  operation  is  observed  from 
just  above  laser  threshold  to  more  than  twice  threshold.  The 
lobe  separations  are  4.5*  to  4.7*  with  the  individual  lobes  as 
narrow  as  1.1*  at  the  half-power  points.  The  expected  far- 
field  lobe  separation,  based  on  diffraction  theory  calcula¬ 
tions,’  is  5.8*  foracenter-to-center  stripe  spacing  of  8/im.  At 
currents  higher  than  — 1.75  times  threshold  the  sharp  dou- 
ble-lobed  patterns  begin  to  merge  and  additional  features  are 
observed.  The  optical  emission  spectra  of  these  devices  show 
single  longitudinal  mode  operation  up  to  the  current  levels  at 
which  the  far-field  patterns  begin  to  show  deviation  from  the 
sharply  peaked  double-lobed  pattern  (1.75x7, h ).  The  onset 
of  additional  array  modes  at  these  high-current  levels  results 
in  broadening  of  the  individual  lobes  of  the  far-field  pattern. 
Increased  stabilization  of  the  transverse  modes  at  high  drive 
currents,  by  the  introduction  of  a  stronger  index  variation 
along  the  junction  plane,  would  result  in  a  stable  phase- 
locked  far-field  pattern  at  higher  output  power  levels.  Self- 
aligned  lasers10  have,  in  addition  to  strong  index  guiding, 
regions  of  high  absorption  placed  outside  the  stripe  width  in 
order  to  discriminate  against  high-order  transverse  modes. 
The  use  of  self-aligned  lasers  as  array  elements  would  force 
the  array  to  operate  in  its  highest  order  normal  mode  ( 180* 
phase  shift  between  emitters)  up  to  high  output  power  levels. 

In  conclusion,  low  threshold,  shallow  mesa  graded  bar¬ 
rier  quantum  well  arrays  have  been  described.  These  devices 
operate  phase  locked  up  to  1 .75  x  7lh  with  threshold  currents 
as  low  as  9  mA  per  stripe.  Differential  quantum  efficiencies 


of  70%  and  52%  have  been  obtained  for  single-  and  ten- 
stripe  devices.  No  shifts  in  the  near-field  patterns  are  ob¬ 
served  as  the  drive  current  is  increased.  The  double-lobed 
far-field  patterns  characteristic  of  phase-locked  operation 
are  observed  from  just  above  laser  threshold  to  more  than 
twice  threshold. 
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Phase  locked  operation  of  an  array  of  narrow  diffused  stripe  conventional  double  heterostructure 
laser  elements  grown  by  metalorganic  chemical  vapor  deposition  is  reported.  Six-element  arrays 
(length  356/tm)  show  threshold  currents  of  33  mA  per  stripe  and  peak  power  outputs  of  at  least 
1 60  m W  per  facet  with  total  external  differential  quantum  efficiencies  of  3  3  % .  Complex  near-field 
patterns  are  shown  which  t  esult  from  two  opposing  mechanisms  involved  in  guiding  of  the  lateral 
modes.  Three  major  lobes  in  far-field  patterns,  which  correspond  to  expected  patterns  for  the 
lateral  modes  of  gain  guided  arrays,  are  described. 


Phase  locked  semiconductor  laser  arrays  have  been 
studied  with  great  interest  with  the  goal  of  achieving  high 
power  operation  with  stable  far-field  patterns.' 1  Gain  guid¬ 
ed  laser  arrays,  such  as  oxide-defined  stripe  arrays1  or  pro- 
ton-bombarded  stripe  arrays,4-1  are  often  the  simplest  to  fab¬ 
ricate  since  they  require  only  current  limiting  stripes.  This  is 
in  contrast  to  arrays  made  up  of  real-  or  complex-index  guid¬ 
ed  laser  elements,  such  as  the  shallow  mesa  stripe  laser6  or 
the  complementary  self-aligned  laser,7  which  normally  re¬ 
quire  more  complicated  processing  such  as  chemical  etching 
and  regrowth.  In  this  letter  we  report  the  phase  locked  oper¬ 
ation  of  an  array  of  narrow  diffused  stripe  (NDS)'  conven¬ 
tional  double  heterostructure  laser  elements  grown  by 
metalorganic  chemical  vapor  deposition  (MOCVD).  Cur¬ 
rent  confinement  is  provided  in  these  structures  by  a  reverse 
biased  p-n  junction  outside  the  diffused  stripe  with  current 
spreading  limited  to  the  active  layer  and  a  thin  AlGaAsip 
layer  just  above  the  GaAs  active  layer.  The  threshold  char¬ 
acteristics  and  near-  and  far-field  optical  patterns  of  gain 
guided  six-element  phase  locked  NDS  laser  arrays  having 
threshold  currents  of  33  mA  per  stripe  are  presented. 

The  laser  structure  used  in  this  work  was  grown  by 
MOCVD  and  is  shown  in  Fig.  1.  The  as-grown  structure 
consists  of  ( 1 )  a  0.5-^m  GaAs:/t  buffer  layer,  (2)  a  1.0-pm 
AlGaAs.n  layer  graded  from  x  =  0-0.60,  (3)  a  2.0-fim 
AlowGaoHoAs:/!  confining  layer,  (4)  a  500-A  undoped 
GaAs  active  layer,  ( 5 )  a  0.25-#xm  Alo  W  Ga^*,  Asp  diffusion 
pickup  layer,  (6)  a  1.75-/xmAl0MGa040As:n  current  block¬ 
ing  layer,  and  (7)  a  0.2-fsm  GaA s\n  cap  layer.  The  n-type 
confining  layer  and  the  current  blocking  layer  are  both 
doped  with  selenium  at  1 X 10'*  cm " 1 ,  and  the  p- type 
pickup  layer  is  doped  with  zinc  at  10"  cm_J.  A  1000-A 
layer  of  Si}  N«  is  deposited  on  the  wafer,  and  a  six-stripe 
array  (8-/im-wide  stripes,  12-^m  center-to-c enter  spacing) 
is  defined  in  the  Si,  N4  mask.  The  zinc  diffusion  is  carried 
out  in  an  evacuated  quartz  ampule  at  T  =  670  ‘C  for  t  =  21 
min  using  a  Zn  As,  source.  The  time  and  temperature  profile 
is  adjusted  so  that  the  diffusion  front  traverses  the  AlGaAs.n 
current  blocking  layer  and  just  reaches  the  AlGaAs:p  diffu¬ 
sion  pickup  layer.’  A  scanning  electron  micrograph  of  a  six- 
element  narrow  zinc  diffused  stripe  array  is  also  shown  in 
Fig.  1 .  Because  of  the  nearly  isotropic  nature  of  zinc  diffu¬ 
sion  in  these  structures  and  the  resulting  spreading  under  the 
mask  edges,  it  is  difficult  to  accurately  define  a  stripe  width. 


The  stripe  width  of  the  devices  reported  here  is  taken  to  be 
the  width  at  the  point  where  the  diffusion  profile  just  reaches 
the  diffusion  pickup  layer  and  was  found  to  be  5.5  ^m  for  the 
six-element  array. 

The  laser  diodes  of  this  work  were  tested  for  pulsed  op¬ 
eration  with  t.5-/rs  pulses  at  a  2-kHz  repetition  rate.  Figure  2 
shows  a  pulsed  Z,-/ curve  for  a  six-stripe  array  (length  =  356 
H m)  showing  a  threshold  current  of  200  mA  (33  mA  per 
stripe )  and  a  peak  power  output  of  at  least  1 60  m  W  per  facet. 
Higher  power  output  per  facet  is  possible  but  is  beyond  the 
current  limit  of  our  pulse  generator.  The  threshold  current 
of  a  6.5-pm-wide  single  stripe  device  fabricated  from  the 
same  starting  material  was  approximately  50  mA.  The  total 
external  differential  quantum  efficiency  of  the  six-element 
array  shown  in  Fig.  2  is  33%. 

The  near-field  radiation  patterns  for  the  six-element  ar¬ 
ray  described  above  are  shown  in  Fig.  3.  Six  major  peaks  are 
observed  which  correspond  to  the  field  intensity  under  each 


FIG.  1 .  Schematic  diagram  of  the  cross  section  of  a  single-element  narrow 
diffused  stripe  ( NDS)  laser  and  a  SEM  photograph  of  a  six-element  NDS 
laser  array.  The  stripe  width  is  taken  to  be  the  width  at  the  point  where  the 
diffusion  profile  intersects  the  top  of  the  pickup  layer. 
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FIG.  2.  Pulsed  L-I curve  for  a  typical  six-element  NDS  laser  array  ( length 
336/itn).  The  threshold  current  is  33  mA  per  element,  with  a  power  output 
per  facet  of  at  least  160  mW  and  a  total  external  differential  quantum  effi¬ 
ciency  of  33%. 


stripe.  In  addition,  live  smaller  peaks  are  present,  one 
between  each  stripe.  These  smaller  intensity  peaks  between 
the  stripes  are  characteristic  of  gain  guided  arrays  and  result 
from  carrier  induced  antiguiding.*-4  Two  opposing  mecha¬ 
nisms  are  involved  with  guiding  of  the  lateral  modes.  Optical 
gain  is  greatest  within  the  stripe  regions,  while  carrier  in¬ 
duced  Variations  in  the  refractive  index  act  to  focus  the  light 
between  the  stripe  regions.  The  lack  of  a  built-in  real  or  com¬ 
plex  refractive  index  variation  along  the  plane  of  the  junction 
leads  to  unstable  lateral  modes  at  higher  injection  currents 
and  complicates  tne  near-held  patterns.  Far-fiela  radiation 
patterns  along  the  plane  of  the  junction  for  a  six-element 
array  are  shown  in  Fig.  4.  Three  major  lobes  are  observed  in 
agreement  with  patterns  predicted  by  theoretical  calcula¬ 
tions  of  the  lateral  modes  of  uniformly  pumped  gain  guided 
arrays.2  These  observed  far-held  patterns  are  also  similar  to 
the  far-field  patterns  observed  from  uniformly  pumped  pro- 
ton-bombarded  laser  arrays.4  Plane-wave  diffraction  the¬ 
ory9  correctly  predicts  the  qualitative  features  of  the  far- 
field  pattern  even  though  the  actual  phase  fronts  are  not 
planar  due  to  the  gain  guiding.  The  tbree-lobed  pattern  with 
larger  intensity  outer  lobes  corresponds  to  an  in-phase  cou¬ 
pling  array  mode.  Three  lobes  are  present,  instead  of  the 
single  lobe  usually  associated  with  in-phase  operation,  as  a 
result  of  broadening  of  the  single  emitter  far-field  pattern 
due  to  carrier  induced  antiguiding.2  The  center  lobe  is  de¬ 
pressed  because  of  the  central  minimum  in  the  single  emitter 
far-field  pattern  which  results  from  the  tilted  phase  fronts 
associated  with  carrier  induced  antiguiding. 10  The  calculat- 
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FIG.  3.  Near-Held  radiation  patterns  for  a  six-element  NDS  laser  array.  The 
small  peaks  at  threshold  between  elements  are  the  result  of  carrier  induced 
index  variations  along  the  junction  plane  which  focus  some  of  the  tight  out¬ 
side  the  stripe. 
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FIG.  4.  Far-field  radiation  patterns  for  a  six -element  NDS  laser  array.  The 
three-lobed  far-field  pattern  at  threshold  is  characteristic  of  uniformly 
pumped,  phase  locked,  gain  guided  arrays. 
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ed  outer  lobe  separation  determined  from  diffraction  theory 
for  a  center-to-center  emitter  spacing  of  12/zra  is  8.4*,  wnile 
the  experimentally  measured  value  for  these  devices  is  9.3' . 

In  this  letter  we  have  reported  the  phase  locked  oper¬ 
ation  of  an  array  of  narrow  diffused  stripe  (NDS)  conven¬ 
tional  double  heterostructure  laser  elements  grown  by 
metalorganic  chemical  vapor  deposition  (MOCVD).  Six- 
stripe  arrays  (length  =  356 /im)  show  threshold  currents  of 
33  mA  per  stripe  and  peak  power  outputs  of  at  least  160  mW 
per  facet  and  total  external  differential  quantum  efficiencies 
of  33%.  Complex  near-field  patterns  have  been  observed 
which  are  characteristic  of  the  two  opposing  mechanisms 
involved  in  guiding  of  the  lateral  modes.  Three  major  lobes 
are  observed  in  far-field  patterns  which  correspond  to  ex¬ 
pected  patterns  for  the  lateral  modes  of  gain  guided  arrays. 
The  narrow  diffused  stripe  laser  array  could  be  improved  by 
use  of  a  quantum  well  active  layer  in  place  of  the  double 
heterostructure  active  layer  structure  reported  here.  In  addi¬ 
tion,  the  stripe  widths  and  center-to-center  spacings  could  be 
varied  across  the  array  to  tailor  the  gain  profile1,1 1  in  order 
to  obtain  single-lobed  far-field  patterns. 

The  authors  would  like  to  thank  Y.  S.  Moroz,  B.  K. 
Moroz,  and  C.  W.  Trussell  for  their  contributions  to  this 
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Near-  and  far-field  observations  of  transient  behavior  in  pulsed  graded 
barrier  quantum  well  lasers 

L.  J.  Mawst,  M.  E.  Givens,  C.  A.  Zmudzinski,  M.  A.  Emanuel,  and  J.  J.  Coleman 
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(Received  2  June  1986;  accepted  for  publication  1  July  1986) 

The  pulsed  behavior  of  both  gain-guided  and  index-guided  graded  barrier  quantum  well  lasers 
has  been  studied  with  near-  and  far-field  lateral  mode  measurements  at  different  pulse  widths. 

Above  threshold,  gain-guided  devices  show  a  transition  to  predominantly  index-guided 
operation  as  a  result  of  thermally  induced  waveguiding.  Similar  devices  with  built-in  real  index 
guiding  exhibit  low  threshold,  stable  mode  operation,  with  no  observable  variations  with  pulse 
width. 


Extremely  low  threshold  currents  have  been  observed1 
in  graded  barrier  quantum  well  lasers.  However,  several 
types  of  anomalous  behavior,  not  observed  in  conventional 
double  heterostructure  devices  with  thick  active  layers,  have 
recently  been  reported.  These  include  a  large  increase  in 
threshold  current2  for  short  cavity  lengths,  wavelength  shift¬ 
ing2  to  higher  energy  at  elevated  temperature,  and  long  las¬ 
ing  delay4'3  under  pulsed  operation.  In  this  communication, 
we  describe  additional  experimental  data  on  long  lasing  de¬ 
lay  in  oxide  defined  stripe  graded  barrier  quantum  well  la- 
scis,  observed  earlier  by  Prince  et  al.'-3  and  compare  these 
data  with  similar  data  from  real  index-guided  complemen¬ 
tary  self-aligned6  graded  barrier  quantum  well  lasers.  The 
phenomenon  of  long  lasing  delay  was  attributed4-3  to  the 
formation  of  a  real-index  waveguide  which  is  thermally  in¬ 
duced  by  nonradiative  recombination  at  the  interfaces  of  the 
quantum  well.  In  this  work,  we  have  observed,  in  addition  to 
the  long  lasing  delay  in  gain-guided  devices,  a  transient  be¬ 
havior  in  the  pulsed  output  intensity  response  at  currents 
well  above  threshold.  In  this  transient  region,  measurements 
of  near-  and  far-field  radiation  patterns  clearly  illustrate  that 
a  transition  from  gain  guiding  to  index  guiding  does  occur. 
No  delay  has  been  observed  in  graded  barrier  quantum  well 
devices  having  built-in  real  index  guiding. 

In  this  work  we  report  data  on  the  pulsed  response  of 
both  gain-guided  and  index-guided  graded  barrier  quantum 
well  laser  devices.  The  AlxGa,  AsGaAs  graded  barrier 
quantum  well  structure  was  grown  by  metalorganic  chemi¬ 
cal  vapor  deposition  (MOCVD)  and  consists  of  a  30- A 
quantum  well  surrounded  by  a  4400-A-thick  (x  —  0.20- 
0.60)  graded  region  and  x  —  0.60  confining  layers.  Gain- 
guided  oxide  defined  stripe  lasers  were  fabricated  with  var¬ 
ious  stripe  widths.  Index-guided  complementary  self- 
aligned  lasers6  were  fabricated  with  similar  stripe  widths  for 
comparison.  The  typical  pulsed  photodiode  response  of  a  10- 
/um-wide  oxide  defined  stripe  laser  is  shown  in  Fig.  1 .  The 
pulsed  response  of  a  larger  stripe  width  device  (50^m)  is 
shown  in  Fig.  2.  These  data  are  similar  to  those  observed  by 
Prince  et  al.5  for  oxide  stripe  graded  barrier  quantum  well 
lasers  with  75-A-thick  active  layers.  The  smaller  stripe 
width  devices  ( w  =  10g<m )  have  lasing  delay  times  of  >  1  /is, 
while  larger  stripe  width  devices  ( w  =  50 /im )  do  not  exhibit 
any  delay.  As  can  be  seen  in  Fig.  I,  there  is,  in  addition  to  the 


lasing  delay,  an  additional  transient  period  after  threshold 
has  been  reached  during  which  the  output  intensity  stabi¬ 
lizes.  By  taking  into  account  a  thermal  gradient  which  is 
produced  under  the  stripe  region  by  nonradiative  recombin¬ 
ation  at  the  active  layer  interfaces.  Prince  et  al.*-3  have 
shown  that  modal  gain  and  threshold  measurements  corre¬ 
spond  well  with  theoretical  calculations  when  the  effect  of  a 
thermally  induced  real-index  waveguide  is  included.  Initial¬ 
ly  the  device  is  gain  guided  with  a  correspondingly  high  laser 
threshold.  The  threshold  lowers  as  the  effect  of  the  thermally 
induced  waveguide  becomes  stronger  until  laser  operation 
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FIG.  1  Pulsed  photodiode  response  of  an  oxide  defined  stripe  graded  bar¬ 
rier  quantum  well  laser  with  a  10-um  stripe  width  In  addition  to  the  lasing 
delay  at  threshold,  a  transient  region  can  be  seen  above  threshold  where  the 
device  is  still  predominantly  gain  guided  and  beyond  which  index  guiding 
begins  to  dominate. 
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FIG.  2.  Pulsed  photodiode  response  of  a  large  stripe  width  (ui  =  ?0  //m ) 
oxide  defined  stripe  graded  barrier  quantum  well  laser.  The  lasing  delay 
observed  in  small  stripe  width  devices  is  not  observed. 

begins.  At  higher  drive  currents,  the  delay  becomes  smaller, 
but  a  finite  time  still  passes  after  laser  action  begins  before  a 
stable  complex  waveguide  can  develop.  By  imaging  the  far- 
held  pattern  along  the  junction  plane  for  different  pulse 
widths,  a  gain-guided  to  index-guided  transition  can  be 
clearly  observed.  Figure  3  shows  the  measured  far-field  pat¬ 
terns  at  100  mA  for  two  diff-rent  pulse  widths.  For  pulse 
widths  of  less  than  2  (is,  a  double  lobed  far-field  pattern  is 
observed  which  is  characteristic  of  gain  guiding  and  results 
from  tilting  of  the  mode  phase  fronts.7  As  can  be  seen  in  Fig. 
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I,  the  device  pulsed  for  2  ( is  is  operating  in  the  gain-guided 
region  and  the  photodiode  response  exhibits  transient  be¬ 
havior.  Increasing  the  pulse  width  to  5  (is  places  the  device 
into  the  index-guided  regime  (Fig.  1,  flat  photodiode  re¬ 
sponse  region),  resulting  in  the  single-lobed  far-field  pattern 
of  Fig.  3.  Larger  pulse  widths  have  no  effect  on  the  shape  of 
the  far-field  pattern.  In  addition,  the  near-field  patterns  for 
these  devices  show  a  narrowing  of  the  lateral  mode  with 
increasing  pulse  width,  which  is  indicative7  of  a  transition  to 
real  index-guided  operation.  Similar  behavior  in  far-field 
patterns  has  been  observed"  in  single  300  A  quantum  well 
lasers  by  varying  the  heat-sink  temperature. 

It  was  suggested4,3  by  Prince  et  al.  that  the  introduction 
of  a  built-in  index  profile  along  the  plane  of  the  junction 
would  eliminate  the  long  lasing  delay.  In  this  work,  low 
threshold  devices  with  a  built-in  index  guiding  structure 
have  been  obtained  by  fabricating  the  graded  barrier  quan¬ 
tum  well  structure  above  into  complementary  self-aligned 
stripe  geometry  lasers.6  These  devices  contain  a  lateral  index 
step  which  results  from  the  placement  of  a  low  band-gap, 
high  refractive  index  GaAs  layer  close  to  the  active  layer 
outside  the  stripe  width.  The  devices  reported  here  have  9- 
(im  stripe  widths  and  an  mGaAs  guide  layer  placed  0.25  fim 
from  the  edge  of  the  graded  region.  The  light-current  charac¬ 
teristics,  near-field  patterns,  and  far-field  patterns  for  these 
devices  are  shown  in  Fig.  4.  Threshold  currents  were  20  mA 
for  a  356-^m-Iong  cavity,  and  the  devices  show  stable  near- 
and  far-field  patterns  up  to  15  mW  per  uncoated  facet.  The 
pulsed  photodiode  response  for  these  devices  is  shown  in  Fig. 
5.  No  lasing  delay  or  transient  behavior  exists.  H  addition, 
no  variations  of  the  near-  or  far-field  patterns  arc  observed  « 
the  pulse  width  is  varied. 

In  conclusion,  we  have  directly  observed  a  transition 
from  gain  guiding  to  thermally  induced  index  guiding  in  ox- 
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FIG  3  Far-field  pattern  above  threshold  for  an  oxide  defined  stripe  graded 
Vimer  quantum  well  laser  for  two  different  drive  pulse  widths.  For  pulse 
widths  less  than  2  ps  a  double  lobed  pattern,  characteristic  of  gain  guiding, 
is  observed. 


FIG.  4.  L-l  characteristics,  near-,  and  far-field  patterns  for  a  real  index- 
guided  complementary  self-aligned  graded  barrier  quantum  well  laser  Sta¬ 
ble  mode  operation  is  observed  up  to  1 5  mW/facet  with  no  variation  with 
changing  pulse  widths. 
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ide  defined  stripe  geometry  graded  barrier  quantum  well  la¬ 
ser  diodes  by  observing  the  near-  and  far-field  patterns  at 
different  drive  pulse  widths.  Also,  low  threshold  devices 
have  been  fabricated  with  built-in  index  steps  along  the  junc¬ 
tion  plane  eliminating  the  long  lasing  delay  and  transient 
behavior  associated  with  thermally  induced  index  guiding. 
Stable  mode  behavior  is  observed  in  these  devices  up  to  15 
mW  per  uncoated  facet. 

The  authors  would  like  to  thank  Y.  S.  Moroz,  B.  K. 
Moroz,  C.  W.  Trussel,  and  P.  D.  Dapkus  for  their  contribu¬ 
tions  to  this  work.  This  work  was  supported  in  part  by  U.S. 
Army  Night  Vision  Laboratory  contract  DAAK  20-84-K- 
0225  and  U.S.  Army  Research  Office  contract  DAAG  29- 
85-G-0133. 


FIG.  5.  Pulsed  photodiode  response  of  a  real  index-guided  complementary 
self-aligned  graded  barrier  quantum  well  laser  No  lasing  delay  or  transient 
behavior  above  threshold  is  observea  in  these  devices. 
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Complementary  self-aligned  laser  arrays  by  metalorganic 
chemical  vapor  deposition 
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(Received  13  May  1986;  accepted  for  publication  1  July  1986) 

A  two-step  metalorganic  chemical  vapor  deposition  growth  technique  has  been  used  to 
fabricate  multielement  arrays  of  complementary  self-aligned  lasers  using  graded  barrier 
quantum  well  active  regions.  This  technique  eliminates  any  possible  difficulty  associated  with 
regrowth  on  a  high  composition  AlGaAs  layer  by  placing  the  interface  outside  the  stripe 
region.  The  complex  index  guiding  and  resulting  mode  discrimination  characteristics  of  self- 
aligned  lasers  stabilize  the  near-  and  far-field  patterns  of  the  array.  Comparison  studies 
between  shallow  mesa  arrays  and  self-aligned  arrays  are  described. 


Semiconductor  laser  arrays  have  demonstrated  high 
output  powers  with  stabilized  far-field  patterns.  Such  arrays, 
fabricated  from  gain-guided  laser  structures,  are  capable  of 
high  output  power  and  are  easily  phase  locked  due  to  the 
weak  refractive  index  variations  along  the  plane  of  the  junc¬ 
tion.  However,  unstable  lateral  modes  and  complex  far-field 
patterns  are  characteristic  of  these  devices.1-2  In  contrast 
with  arrays  of  gain-guided  structures,  arrays  with  built-in 
real  or  complex  refractive  index  variations  along  the  plane  of 
the  junction  offer  stabilized  lateral  modes  with  astigmatic 
output  beams.3-4  The  complementary  self-aligned  laser 
structure  lends  itself  nicely  to  incorporation  into  multiele¬ 
ment  arrays  because  of  its  simple  fabrication  and  excellent 
mode  control  characteristics.  The  self-aligned  laser  utilizes  a 
high  refractive  index,  high  absorption  /i-GaAs  layer  near  the 
active  region  outside  the  stripe  to  provide  current  confine¬ 
ment  and  complex  index  guiding  with  resulting  higher  order 
mode  discrimination.5  The  optical  waveguiding  characteris¬ 
tics  of  the  self-aligned  structure  are  similar  to  channeled  sub¬ 
strate-planar  lasers.15  with  the  added  advantage  of  automatic 
alignment  of  current  confinement  and  lateral  index  steps. 
This  communication  describes  the  incorporation  of  the  com¬ 
plementary  self-aligned  laser7  element  into  complex,  index- 
guided  laser  arrays. 

The  fabrication  of  the  complementary  self-aligned  laser, 
grown  by  metalorganic  chemical  vapor  deposition 
( MOCVD),  has  been  described  previously.7  In  this  work  we 


have  used  a  graded  barrier  quantum  well  heterostructure  as 
the  basic  underlying  laser  structure.  The  structure  is  similar 
to  one  previously  described,4  with  confining  layer  composi- 


Comptnwnfy  S •*  Aligned  Strip*  Laser 


FIG.  I  SEM  photograph  of  a  5-smpe  complementary  self-aligned  laser  ar¬ 
ray  and  a  schematic  diagram  of  a  single  element. 
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material  was  400  A/cm2  for  diodes  of  length  350  ^m.  The 
30-A  quantum  well  active  layer  results  in  an  emission  wave¬ 
length  at  7950-8000  A,  which  corresponds  well  with  the 
n  =  1  electron  to  heavy-hole  transition  based  on  a  finite  po¬ 
tential  well  model.  The  near-field  radiation  pattern  along  the 
plane  of  junction,  shown  in  Fig.  2,  indicates  that  the 
fundamental  lateral  mode  of  each  array  element  is  complete¬ 
ly  stabilized  up  to  power  levels  in  excess  of  100  mW  per 
uncoated  facet.  These  devices  have  threshold  currents  of  15 
mA  per  stripe  with  external  differential  quantum  efficiencies 
of  43%.  The  far-field  radiation  patterns  along  the  junction 
plane  show  a  featureless  single  lobe  (7*  FWHM'  indicating 
that  the  array  elements  are  uncoupled  as  a  result  of  the 
strong  index  guiding  and  large  center-center  spacings.  De¬ 
vices  which  have  been  etched  shallower  ( t  =  0.4  /im)  show 
increased  coupling  between  array  elements  and  operate 
phase  locked  up  to  about  25  mW  per  facet.  The  far-field 
pattern  along  the  plane  of  the  junction  is  shown  in  Fig.  3  for 
different  drive  current  levels.  A  double  lobed  pattern  is  ob¬ 
served  up  to  about  twice  threshold,  above  which  the  two 
lobes  begin  to  merge  together.  At  this  point  the  near-field 
patterns  show  unstable  lateral  modes  within  each  stripe  re¬ 
gion.  The  measured  far-field  lobe  separation  of  4.4*  corre¬ 
sponds  closely  to  the  predicted  spacing  based  on  diffraction 


FIG.  2.  Typical  pulsed  L-I  characteristics  of  a  3-stripe  (r  —  0.2  /im)  com¬ 
plementary  self-aligned  laser  array.  Near-field  profiles  along  the  junction 
plane  show  stable  fundamental  modes  up  to  100  mW. 


tion  x  =  0.60  and  a  30-A  quantum  well  centered  within  a 
4400-A  graded  separate  confinement  region.  After  a  layer  of 
SiOi  ( 1000  A )  is  deposited  on  the  surface  of  the  wafer,  a  5- 
stripe  array  pattern  is  defined  along  the  (110)  direction.  The 
stripes  have  6.5-7. 0/rm  widths  with  10-/rm  center-to-center 
spacings.  In  this  experiment  two  different  samples  were  pre¬ 
pared,  with  the  regions  outside  the  stripe  width  etched  to 
within  either  0.2  or  0.4/amof  the  graded  region.  The  center- 
center  stripe  spacing  is  kept  the  same  to  allow  observation  of 
the  extent  of  coupling  between  the  array  elements  for  differ¬ 
ent  lateral  index  strengths.  With  the  oxide  mask  still  in  place, 
the  sample  is  returned  to  the  MOCVD  reactor  for  the 
growth  of  an  additional  1.0  /im  of  n-GaAs  (Se,  1  X  1018 
cm'1).  Since  the  GaAs  grows  selectively8  outside  the  stripe 
region,  no  additional  processing  is  required  other  than  remo¬ 
val  of  the  oxide  mask  and  contact  metallization.  A  scanning 
electron  microscope  (SEM)  cross  section  of  the  5-stripe  ar¬ 
ray  is  shown  in  Fig.  1,  along  with  a  schematic  diagram  of  a 
single  element.  These  micrographs  clearly  indicate  that 
high-quality  GaAs  can  be  selectively  grown  between  the 
stripe  regions  of  the  array,  leaving  an  essentially  planar  laser 
device  within  the  stripe. 

Typical  pulsed  ( 1.5/zs  at  2  kHz)  L-I  characteristics  of  a 
5-stripe  array  which  has  been  etched  to  within  0.2 /zm  of  the 
graded  region  (f  =  0.2  fim)  are  shown  in  Fig.  2,  along  with 
the  near-field  radiation  pattern  at  two  different  current  lev¬ 
els.  The  broad  area  threshold  current  density  of  the  starting 


Complementary  Self-Aligned  Laser  Array 
Far  Field  Patterns 
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FIG.  3.  Far-field  radiation  pattern  of  a  5-stripe  (r  =  0.4  fim)  complemen¬ 
tary  self-aligned  array  at  different  drive  currents.  Phase  locked  operation 
results  in  the  double  lobed  pattern  up  to  about  twice  threshold. 
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Shallow  Mesa  Laser  Array 
Near  Field  Patterns 
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FIG.  4.  Near-field  pattern  of  a  3-stripe  (r  =  0.2  /iml  shallow  mesa  array  at 
different  drive  currents.  The  large  index  changes  along  the  junction  plane 
result  in  higher  order  modes  for  this  stripe  width  ( 6. 5-7.0  fit n ) . 


theory  (4.55*)  assuming  the  emitters  are  locked  180*  out  of 
phase. 

In  order  to  obtain  high  output  power  levels  with  stabi¬ 
lized  lateral  modes,  large  stripe  width  devices  are  desirable. 
However,  stabilization  of  the  lateral  modes  requires  a  strong 
refractive  index  variation  along  the  junction  plane  which 
will  result  in  higher  order  modes  unless  the  stripe  width  is 
small  enough  to  cut  off  these  modes.  The  self-aligned  laser 
relies  on  a  built-in  loss  outside  the  stripe  region  in  order  to 
discriminate  against  higher-order  modes.  In  contrast  with 
the  self-aligned  laser,  the  shallow  mesa  laser9  relies  primarily 
on  a  built-in  real  index  variation  along  the  junction  plane  to 
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guide  the  lateral  modes.  Shallow  mesa  arrays  with  the  same 
stripe  width  (6.5-7.0^m)  and  etch  depth  (/  =  0.2/rm)  have 
been  fabricated  for  comparison  with  the  self-aligned  arrays. 
The  near-field  patterns,  shown  in  Fig.  4,  clearly  show  that 
higher  order  modes  are  present  within  the  individual  emit¬ 
ters.  Similar  comparisons  between  single  stripe  devices  also 
show  mode  discrimination  in  self-aligned  lasers  for  stripe 
widths  as  large  as  10/zm. 

In  conclusion,  a  new  method  of  fabricating  self-aligned 
lasers  has  been  implemented  in  the  development  of  complex 
index-guided  arrays.  Since  the  device  utilizes  a  planar  active 
layer,  graded  barrier  quantum  well  active  regions  have  been 
used  in  order  to  improve  output  power  and  performance. 
Although  these  devices  operate  phase  locked  only  at  low- 
power  levels,  it  is  expected  that  smaller  stripe  spacing  will 
produce  a  high-power  phase-locked  device  with  a  character¬ 
istic  narrow  double-lobed  far-field  pattern.  In  addition,  data 
are  presented  which  illustrate  the  mode  discrimination  char¬ 
acteristics  of  self-aligned  lasers. 
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MOCVD  of  III-V 
Compound  Epitaxial 

Layers 


The  control  and  uniformity  of  MOCVD  make  it  useful 
for  fabricating  highly  advanced  structures. 
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letalorganic  chemical  vapor  deposition 
MOCVD)  has  become  an  important 
nethod  in  -ecent  years  for  the  growth  of 
igh-quaiity  epitaxial  layers  of  various 
II- V  semiconductor  materials. 14  In  a 
typical  reaction,  the  vapors  of  low  order 
netal  alkyls,  such  as  trimethvlgallium 
TMGa)  and  trimethylaluminum 
;  TMA1),  are  mixed  with  a  gaseous  hy- 
j  dride,  such  as  arsine.  As  a  result  of 
|  fragmentation  by  pyrolysis,  atomic  or 
molecular  species  combine  at  or  near  a 
heated  substrate.  This  is  most  interest¬ 
ing  when  it  results  in  deposition  on  a 
suitable  single  crystal  substrate,  such  as 
GaAs,  forming  an  epitaxial  layer. 

There  are  a  number  of  attractive  fea¬ 


tures  associated  with  the  MOCVD  pro¬ 
cess.  All  constituents  are  in  the  vapor 
phase  allowing  for  accurate  electronic 
control  of  important  system  parame¬ 
ters,  such  as  gas  flow  rates.  The  pyroly¬ 
sis  reaction  is  relatively  insensitive  to 
temperature,  allowing  for  efficient  and 
reproducible  deposition  of  very  thin  lay¬ 
ers  with  abrupt  interfaces  between  lay¬ 
ers.  Complex  multiple  layer  hetero¬ 
structures  can  be  grown  utilizing 
computer  controlled  gas  exchange  sys¬ 
tems.  Finally,  development  of  produc¬ 
tion  scale  reactor  systems  is  fairly 
straightforward,  analogous  to  the  devel¬ 
opment  of  commercial  silicon  epitaxy. 

The  first  descriptions  of  the  MOCVD 


process  can  be  traced  to  Manasevit  and 
co-workers.1  The  earliest  and  still  most 
commonly  used  reaction  for  the  growth 
of  compound  semiconductor  layers  is  il¬ 
lustrated  by  the  practical  example  for 
the  growth  of  epitaxial  layers  of  the 
important  ternary  alloy  AlGaAs: 

x(CH3)jA1  +  (1-xXCHibGa  +  AsH3  — 
Al,Gai-.As  +  3CH< 


The  metal  alkyl3  are  typically  liquids 
at  or  near  room  temperature  and  are 
kept  in  stainless  steel  bubblers  in  care- 
fully-controlled  refrigerated  bath3  to 
maintain  a  stable  vapor  pressure  of  the 
source  over  its  liquid.  Transport  is  ac¬ 
complished  by  means  of  a  controlled  rate 
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2.  GaAs  growth  rate  normalized 
to  TMGa  mole  fraction  vs  radial 
position  on  the  susceptor. 
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of  purified  hydrogen  passed  through  the 
liquid.  The  gaseous  hydride  sources  are 
often  contained  as  dilute  mixtures  with 
hydrogen.  Doping  is  obtained  by  inject¬ 
ing  small  amounts  of  the  vapors  of  an 
appropriate  impurity,  such  as  diethyl- 
zinc  or  hydrogen  selenide,  into  the  gas 
stream. 

In  a  typical  MOCVD  reactor,  the  gas 
mixture  system  consists  of  a  network  of 
clean,  leak-free  stainless  steel  tubing 
with  compression-type  or  welded  fit¬ 
tings  throughout.  The  combination  and 
quantities  of  the  various  source  and 
dopant  vapors  are  determined  by  auto¬ 
matic  valves  and  electronic  mass  flow 
controllers.  For  the  growth  of  more  so¬ 
phisticated  structures,  such  as  thin 
layer  quantum  well  heterostructures 
and  superlattices,  computer  control  of 
the  system  is  necessary. 

Cold  wall  reaction  chambers  are  of 
either  horizontal  or  vertical  design.  In 
either  design,  a  deflector  is  often  placed 
at  the  inlet  to  the  reaction  chamber  to 
enhance  mixing  of  the  source  vapors. 
The  most  common  source  of  heat  for  the 
pyrolysis  reaction  is  provided  by  rf  in¬ 
duction  heating  of  the  graphite  sus¬ 
ceptor. 

The  growth  of  epitaxial  layers  of 
GaAs  and  AlGaAs  normally  takes  place 
under  conditions  of  excess  column  V 
species  and  dilute  in  a  hydrogen  carrier 
environment.  A  flow  of  the  column  V 
hydride  is  continued  between  layers  to 
maintain  the  integrity  of  the  as-grown 
surface  against  thermal  decomposition. 
Since  the  pyrolysis  efficiencies  of  the 
metal  alkyls  are  essentially  unity  at  typ¬ 
ical  growth  temperatures,  and  since 
there  are  no  competing  dissolution  reac¬ 
tions  involved  in  the  process,  growth 
rates  are  linear  with  time  and  with 
metal  alkyl  mole  fraction. 

The  growth  rate  of  AlGaAs  norma¬ 
lized  to  total  metal  alkyl  flow  as  a  func¬ 
tion  of  a  dimensionless  flow  ratio  is  given 
in  Fig.  1.  The  data  points  are  deter¬ 
mined  experimentally  from  measured 
SEM  cross  sections.  The  solid  line  is 
calculated  from  the  gas  law  and  from  the 
vapor  pressures  of  the  sources.  A  cor¬ 
rection  factor  for  geometry  effects  is 
obtained  by  including  one  measured 
data  point  in  the  analysis.  The  dimen¬ 
sionless  flow  ratio  term  is  related  to  the 
metal  alkyl  mole  fraction  by  the  relative 
vapor  pressures  of  the  sources  and, 
thus,  to  the  composition  of  the  grown 
layer.  An  important  feature  of  the 
MOCVD  process  is  that  growth  rates 
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4.  High  resolution  TEM  photo 
with  lattice  image  of  an 
AlAs-GaAs  superlattice  having 
90  A  layer  size. 

can  be  varied  over  a  large  range  (from 
tens  of  A/min  to  tenths  of  (cm/min)  by 
varying  source  bath  temperature  and 
flow  rate.  When  the  hydrodynamic  and 
thermal  conditions  in  a  vertical  geome¬ 
try  reaction  chamber  are  optimized,  ex¬ 
ceptional  thickness  uniformity  over 
large  areas  can  be  obtained.4 

Figure  2  shows  SEM-determined 
growth  rate  (normalized  to  TMGa  mole 
fraction)  vs  radius.  These  combined 
data  are  from  several  different  cleaved 
cross  sections  from  the  same  growth  run 
and  from  different  runs  of  a  multiple 
layer  structure.  The  uniformity  ob¬ 
tained  is  ±  1.5%  over  greater  than  a  4  cm 
diameter. 

The  composition  of  an  MOCVD-grown 


epitaxial  layer  of  AlGaAs  is  simply  de¬ 
termined  from  the  mole  fraction  ratio  of 
the  two  metal  alkyls  and,  thus,  is  a 
function  of  flow  rates  and  source  bath 
temperatures.  Shown  in  Fig.  3  is  compo¬ 
sition  vs  flow  ratio  for  AlGaAs  grown  by 
MOCVD.  The  data  points  are  experi¬ 
mentally  determined  from  X-ray  rock¬ 
ing  curve  measurements.  The  solid 
curve  is  obtained  from  the  same  simple 
gas  law  analysis  involving  the  vapor 
pressures  of  the  sources  described 
above. 

Heterostructures  and  superlattices 
The  growth  of  high  quality  hetero¬ 
structures  with  abrupt  interfaces  is  nec¬ 
essary  for  development  of  sophisticated 
thin-layer  quantum  well  hetero¬ 
structure  devices  made  from  the 
AlGaAs-GaAs  materials  system.  In  ad¬ 
dition,  an  entire  area  of  research  is 
developing  around  superlattices  — 
structures  containing  a  large  number  of 
thin  (<200  A)  layers  having  electrical 
and  optical  properties  determined  by 
quantum  physics,  unlike  the  bulk  prop¬ 
erties  of  any  of  the  individual  layer 
materials. 

The  MOCVD  process  has  been  shown 
to  be  ideal  for  these  structures,  having 
the  capacity  for  growth  of  very  uniform 
layers  and  abrupt  interfaces.5*  Figure  4 
is  a  high  resolution  transmission  elec¬ 
tron  microscope  (TEM)  photograph  and 
associated  lattice  image1  of  part  of  the 
cross  section  of  an  AlAs-GaAs  superlat¬ 
tice  which  demonstrates  the  excellent 
uniformity  and  defect-free  structure  of 
MOCVD-grown  superlattices.  The 
lighter  layers  are  AIAs  (90  A)  and  the 
darker  layer  is  GaAs  (90  A).  The  lattice 
image  points  formed  by  the  intersection 
of  the  low  order  atomic  planes  indicate 
the  position  of  the  interfacial  plane  and 
show  that  the  interface  transition  clear¬ 
ly  occurs  within  a  single  atomic  layer. 

Improvement  in  all  of  the  characteris¬ 
tics  of  conventional  double  hetero¬ 
structure  lasers  has  resulted  from  appli¬ 
cation  of  the  MOCVD  growth  process  to 
these  structures,  and  the  development  of 
quantum  well  heterostructure  lasers 
and  superlattices  has  been  dominated 
by  the  MOCVD  growth  technology.’ 

One  structure  that  clearly  illustrates 
many  of  the  advantages  of  the  MOCVD 
growth  process  for  laser  devices  is  the 
graded  barrier  quantum  well  hetero¬ 
structure  laser.10-14  The  band  structure 
of  this  device  is  shown  in  Fig.  5.  A  single 
quantum  well  of  GaAs  becomes  an  ineffi- 
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Threshold  Current  Density 
vs  Cavity  Length 
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6.  Broad  area  laser  threshold 
current  density  us  cavity  length 
for  three  laser  structures. 


cient  collector  of  mobile  electrons  and 
holes  as  the  size  i3  made  smaller15  than 
100  A.  An  increase  in  laser  threshold 
current  density  will  result  unless  some 
structural  change  is  made  to  increase 
the  active  region  volume  by  increasing 
the  number  of  wells,  each  separated  by 
a  thin  barrier  layer.  Another,  as  shown 
in  Fig.  5,  is  to  create  a  graded  region  on 
either  side  of  the  well.  Free  carriers  will 
be  captured  in  the  relatively  large 
graded  region  and  will  thermalize 
quickly  to  the  lowest  quantum  state  in 
the  well.  Highest  efficiences  will  be  ob¬ 
tained  from  this  structure  when  the 
confining  layer  composition  is  as  high  as 
possible,  the  graded  region  has  a  care¬ 
fully  controlled  composition  profile  and 
the  quantum  well  has  accurately  con¬ 
trolled  thickness  and  abrupt  interfaces. 

The  MOCVD  growth  process  is  well 
suited  for  the  growth  of  graded  barrier 
quantum  well  heterostructure  lasers. 
Compositions  up  to  x  »  1.0  are  possible 
and,  for  confining  layers,  up  to  x  >0.85 
is  practical.  Precise  computer  control  of 
the  metal  alkyl  flow  ratio  allows  the 
growth,  in  principle,  of  any  composition 
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profile  in  the  graded  region  As  de¬ 
scribed  above,  the  process  allows  excep¬ 
tional  control  over  thicknesses,  even  for 
very  thin  layers,  and  the  interfaces  are 
abrupt  on  a  monatomic  scale. 

Shown  in  Fig.  6  are  broad  area  laser 
threshold  current  densities  vs  cavity 
length  for  three  laser  device  structures. 
The  first  is  a  conventional  double 
heterostructure  and  the  others  are 
graded  barrier  quantum  well  hetero- 
structures  having  x  =  0.40  and  0.60 
confining  layer  compositions.  The 
graded  region  profile  of  the  graded  bar¬ 
rier  quantum  well  heterostructures  is 
approximately  parabolic. 

In  addition  to  a  large  improvement  in 
laser  threshold  current  density,  opera¬ 
tion  at  shorter  wavelengths  is  possible 
(Fig.  7),  since  quantum  size  effects  re¬ 
sult  in  transitions  at  higher  energies 
than  in  conventional  double  hetero¬ 
structure  lasers.  This  figure  shows  the 
laser  spectrum  of  the  x  =  0.60  graded 
barrier  lasers  of  Fig.  7.  Extension  of 
laser  diode  operation  well  into  the  visi¬ 
ble  portion  of  the  optical  spectrum  is 
possible.”  □ 
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The  device  performance  of  graded  barrier  quantum  well  laser  diodes  with  various  buffer  layer 
structures  grown  by  metalorganic  chemical  vapor  deposition  has  been  studied.  Devices  having 
four  structures  (a  GaAs  buffer  layer  only,  a  compositionally  graded  buffer  layer,  a  superlattice 
buffer  layer,  or  both  a  graded  and  a  superlattice  buffer  layer)  have  been  characterized.  In 
contrast  with  similar  studies  involving  laser  devices  grown  by  molecular  beam  epitaxy,  little 
variation  in  device  performance  is  observed.  These  data  indicate  that  the  quality  of  AlGaAs- 
GaAs  heterostructures  for  optical  devices  may  be  dependent  on  the  details  of  the  method  used 
for  the  epitaxial  growth  of  the  layers. 


The  need  for  compositionally  graded  and/or  superlat¬ 
tice  buffer  layers  has  been  -  stablished' 2  for  laser  structures 
grown  by  molecular  beam  epitaxy  (MBE).'4  In  recent 
work1 9  on  MBE-grown  laser  devices,  a  compositionally 
graded  buffer  or  superlattice  buffer  was  shown  to  improve 
the  quality  of  the  subsequent  AlGaAs/GaAs  layers,  and  re¬ 
sulted  in  a  reduction  of  device  thit— hold  currents  and  in  the 
temperature  sensitivity  of  threshold  current.  These  improve¬ 
ments  in  device  performance  are  believed  to  result  from  a 
variety  of  mechanisms,  including  a  reduction  in  the  propaga¬ 
tion  of  defects6  from  the  substrate,  a  relief  of  strain9  at  the 
high  aluminum  concentration  confining  layer/substrate  in¬ 
terface,  and  impurity  trapping'  at  the  buffer  layer  interfaces. 
The  importance  of  these  prelayers,  however,  for  laser  struc¬ 
tures  grown  by  metalorganic  chemical  vapor  deposition 
( MOCVD ) 7  has  not  been  established,  and  high  quality,  low 
threshold  quantum  well  laser  diodes  have  been  grown  by 
MOCVD  without  any  prelayers.  H~l 1  In  determining  the  de¬ 
sign  criteria  for  high  performance  MOCVD-grown  devices 
requiring  the  lowest  possible  threshold  currents,  it  is  impor¬ 
tant  to  determine  the  usefulness  of  various  types  of  buffer 
layers  in  comparable  laser  structures.  In  this  letter,  we  de¬ 
scribe  results  from  a  comparison  study  of  the  device  charac¬ 
teristics  of  graded  barrier  quantum  well  lasers  having  four 
types  of  buffer  layers:  a  GaAs  buffer  layer  alone,  a  GaAs 
buffer  layer  and  a  compositionally  graded  buffer  layer,  a 
GaAs  layer  and  a  superlattice  buffer  layer,  a  GaAs  buffer 
layer  and  both  compositionally  graded  and  superlattice  buff¬ 
er  layers.  These  data  show  that  the  use  of  compositionally 
graded  and/or  superlattice  buffer  layers  has  little  or  no  effect 
on  the  overall  device  performance  of  high  quality  MOCVD- 
grown  laser  structures,  other  than  a  slight  improvement  in 
uniformity.  These  results  indicate  that  the  need  for  composi¬ 
tionally  graded  or  superlattice  buffer  layers  is  probably  relat¬ 
ed  to  the  material  quality  obtained  by  various  epitaxial 
growth  methods  and  is  not  a  fundamental  requirement  for 
these  laser  structures. 

The  graded  barrier  quantum  well  laser  structures  uti¬ 
lized  in  this  study  were  grown  by  atmospheric  pressure 
MOCVD  at  a  growth  temperature  of  800 ’C  on  (100) 


GaAs:Si  substrates.  The  basic  structure  consists  of  a  0.5-^im 
GaAs  buffer  (n  =  lx  10'*),  the  intermediate  buffer  layer  or 
layers,  a  1.5-^m  Al^Ga^As  confining  layer 
(n  =  lXlOl8),a  1200-Aparabolically  graded  Al.Ga,  _ ,  As 
layer  (0.85>x>0.20,  n  —  5  X  1016),  a  50-A  GaAs  quantum 
well  (undoped),  a  1200- A  parabolically  graded 
AljGa,  _,As  layer  (0.20<x<0.85 ,  p  =  1  X  10'7),  a  1.5-^tm 
AloijGacAs  confining  layer  (  p  —  2x  ID18),  and  a  0.2- 
/zm  GaAs  contact  layer  (  p  =  4x  lO1**).  The  high  aluminum 
concentration  used  in  the  confining  layers  (x  =  0.85)  in¬ 
creases  the  optical  confinement  within  the  active  layer,  al¬ 
lowing  very  low  threshold  current  densities  to  be  obtained. 
Additionally,  the  use  of  such  a  high  composition  should 
serve  to  maximize  any  effects  that  a  buffer  layer  might  have 
on  device  performance  due  to  improvements  in  material 
quality  related  to  the  lattice  mismatch  between  AlGaAs  and 
GaAs  layers.  Structures  were  grown  with  either  no  addi¬ 
tional  buffer  layer  besides  the0.5-/zm  GaAs  layer,  or  with  an 
intermediate  buffer  layer(s)  consisting  of  a  0.5-/um  linearly 
graded  compositionally  graded  buffer  layer  (0.0<x^0.85. 
n—  lx  10‘“ ) ,  a  20-period  superlattice  buffer  layer  of  alter¬ 
nating  100-A  GaAs  and  100-A  AlAs  layers  (n  =  I X  1018). 
or  with  both  compositionally  graded  and  superlattice  buffer 
layers.  All  structures  were  grown  at  approximately  3.0/zm/ 
h. 

Prior  to  fabrication  and  characterization  of  the  laser  de¬ 
vices,  the  GaAs:p  cap  layer  was  chemically  etched  off  part  of 
each  sample  and  the  room-temperature  photoluminescence 
(PL)  of  each  laser  structure  was  observed.  No  significant 
differences  in  photoluminescence  intensity  or  structure  were 
observed  in  any  of  the  samples.  Similar  comparison  studies 
of  the  PL  intensity  of  single  quantum  well  structures  grown 
by  MBE  with  and  without  superlattice  buffer  layers  have 
shown:  differences  in  intensity  by  as  much  as  a  factor  of  40  at 
77  K.  Peak  emission  wavelengths  were  between  8275  and 
8300  A,  consistent  with  the  calculated  wavelength  for  the 
n  =  1  electron  to  heavy-hole  transition  based  on  a  finite  po¬ 
tential  well  model  for  a  50-A  quantum  well  width.  Wide 
stripe  (w  —  150/im)  oxide  defined  stripe  lasers  were  fabri¬ 
cated  in  order  to  characterize  broad  area  threshold  current 
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FIG.  1 .  Broad  area  threshold  current  densities  as  a  function  of  laser  cavity 
length  for  laser  structures  having  compos! tionaily  graded  buffer  layers  ( cir¬ 
cles),  superlaitice  buffer  layers  (diamonds),  or  both  com  positionally  grad¬ 
ed  and  supertatticc  buffer  layers  (squares).  Little  variation  is  observed  in 
threshold  current  density  as  a  function  of  buffer  layer  structure 


densities  as  a  function  of  cavity  length,  differential  quantum 
efficiencies,  and  the  temperature  dependence  of  threshold 
current  ( T„).  Threshold  currents  were  taken  from  pulsed  ( 2 
jus,  2  kHz)  light-current  characteristics  using  a  current 
probe  to  monitor  the  drive  current. 

The  broad  area  threshold  current  densities  as  a  function 
of  laser  cavity  length  are  illustrated  in  Fig.  1  for  laser  struc¬ 
tures  with  a  compositionally  graded  buffer  layer  (circles),  a 
superlattice  buffer  layer  (diamonds),  and  both  composition- 
ally  graded  and  superlattice  buffer  layers  (squares).  Very 
low  threshold  current  densities  (for  example,  Jllt  =  200  A/ 
cm2,  length  =  450 fim )  were  obtained  with  very  little  scatter 
among  devices  having  different  buffer  layers.  These  thresh¬ 
old  current  densities  are  comparable2  to  those  of  similar 
structures  grown  by  MBE.  Threshold  current  densities  for 
devices  with  GaAs  buffer  layers  only  (circles)  are  shown  in 
Fig.  2.  Shown  for  comparison  in  Fig.  2  are  all  the  data  of  Fig. 

1  (diamonds)  for  devices  having  the  additional  buffer  layer 
structures  described  above.  The  data  for  devices  with  GaAs 
buffer  layers  alone  show  little  increase  in  threshold  current 
density  in  comparison  with  devices  having  an  additional 
buffer  layer  structure.  This  is  in  contrast  to  data  from  similar 
devices  grown  by  MBE,  which  show1  threshold  current 
changes  of  a  factor  of  2  between  compositionally  graded 
buffer  layers  and  devices  with  GaAs  buffer  layers  only. 
However,  the  greater  degree  of  scatter  in  the  data  of  Fig.  2 
for  devices  with  GaAs  buffer  layers  only  indicates,  perhaps, 
somewhat  lower  uniformity  across  the  water.  As  discussed 
below,  we  believe  this  is  due  to  the  generation  of  localized 
defect  networks  originating  at  nonuniformly  distributed  im¬ 
perfections  along  the  heterointerface. 

In  addition  to  the  threshold  data  described  above,  the 
temperature  dependences  of  threshold  current  and  differen¬ 
tial  quantum  efficiencies  were  measured  for  all  four  samples. 
These  data  also  show  little  variation  among  devices  fabri¬ 
cated  from  the  different  structures.  Typically,  the  total  ex¬ 
ternal  differential  quantum  efficiencies  for  uncoated  facets 
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FIG.  2.  Companion  of  broad  area  threshold  current  densities  for  structures 
having  either  a  GaAs  buffer  layer  only  ( circles  l .  or  an  additional  ( compost- 
tionaily  graded,  superlattice,  or  both)  buffer  layer  structure  (diamonds). 


ranged  from  45  to  55%  for  devices  having  508  fim  cavity 
length.  The  exponential  coefficient  characterizing  the  tem¬ 
perature  dependence  of  threshold  current  ( T„)  varied  from 
200  to  250  *C  within  a  measured  temperature  range  of  from 
20  to  50  ‘C  for  a  508-^m  cavity  length.  Above  approximately 
50  *C  the  value  for  T„  reduces  to  140-160  *C.  These  values 
for  rjexl  and  T„  are  typical  of  devices  having  any  of  the  four 
buffer  layer  structures.  In  comparison,  similar  MBE-grown 
devices  with  either  compositionally  graded  buffer1  or  super¬ 
lattice  buffer'  prelayers  exhibited  an  r/cx,  of  50%  and  Ttl  of 
160  K.  respectively.  The  same  structures  without  these  buff¬ 
er  layers  showed  a  reduction  in  device  performance  to  a 
of  20%  and  T„  of  100  K.  Therefore,  none  of  the  buffer  layer 
structures  offers  a  significant  advantage  in  MOCVD-grown 
devices,  although  it  may  be  desirable  to  utilize  additional 
buffer  layers  in  order  to  obtain  the  incremental  improvement 
in  the  uniformity  of  device  characteristics  described  above. 

Considering  each  type  of  buffer  layer  and  comparing  its 
effect  on  the  device  performance  of  MBE-  and  MOCVD- 
grown  laser  structures,  we  can  make  several  observations 
concerning  the  two  growth  processes.  Introduction  of  a 
compositionally  graded  buffer  layer  has  been  shown1  to  im¬ 
prove  the  operating  characteristics  of  MBE-grown  lasers 
especially  for  higher  confining  layer  compositions,  appar¬ 
ently  by  relaxing  the  strain  due  to  lattice  mismatch  at  the 
substrate/AlGaAs  confining  layer  interface.  Without  a 
compositionally  graded  buffer  layer,  a  uniform  high  density 
of  defects  is  generated  at  the  heterointerface  during  MBE 
growth.  These  defects  propagate  into  the  growing  layers, 
yielding  a  lower  quality  AlGaAs :n  confining  layer  on  which 
the  rest  of  the  laser  structure  must  be  grown,  and  a  quantum 
well  active  layer  of  poorer  interfacial  quality.  This  results  in 
poorer  device  characteristics.  Introduction  of  a  superlattice 
buffer  layer  has  been  shown*  to  prevent  the  propagation  of 
substrate  defects  into  a  growing  epilayer  and  to  relax  sub- 
strate/AlGaAs  confining  layer  interfacial  strain  through  the 
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formation,  and  subsequent  bending,  of  dislocations.  This 
bending  effectively  interrupts  vertical  propagation  of  the  de¬ 
fects  and  allows  the  growth  of  a  high  quality  AlGaAs  confin¬ 
ing  layer.  Without  a  superlattice  buffer  layer,  existing  sub¬ 
strate  defects  are  also  able  to  propagate  into  the  growing 
layers,  further  degrading  the  material  quality  and  device  per¬ 
formance. 

In  MOCVD-grown  structures,  the  addition  of  a  compo- 
sitionally  graded  buffer  layer  or  superlattice  buffer  layer 
does  not  significantly  improve  device  performance.  This  in¬ 
dicates  that,  relative  to  MBE,  the  growth  of  an  abrupt  sub¬ 
strate/high  composition  AlGaAs  confining  layer  heteroin¬ 
terface  by  MOCVD  does  not  generate  the  same  high  density 
of  interfacial  defects.  This  may  be  due  to  fundamental  differ¬ 
ences  between  the  growth  mechanisms  involved  in  the  two 
epitaxial  techniques  and  may  be  related,  in  part,  to  the  differ¬ 
ent  growth  temperatures  used  (MBE:  T=  710  “C, 
MOCVD:  T  =  800 *C).  Defects  that  do  form  probably  oc¬ 
cur  in  regions  of  concentrated  strain  at  the  interface,  local¬ 
ized  at  sites  of  crystalline  imperfections  or  impurities  that 
are  present  in  low  concentrations  in  all  crystals.  Since  such 
imperfections  are  likely  to  be  distributed  in  a  nonuniform 
fashion  at  a  relatively  low  density,  they  do  not  produce  a 
uniform  decrease  in  material  quality  and  device  perfor¬ 
mance.  Rather,  they  lead  to  the  somewhat  greater  scatter  in 
the  data  taken  from  lasers  grown  by  MOCVD  without  either 
type  of  buffer  layer  ( Fig.  1 ) .  The  ability  of  a  compositionally 
graded  buffer  layer  or  superlattice  buffer  layer  to  relax  inter¬ 
facial  strain  may  aid  in  preventing  the  creation  and  propaga¬ 
tion  of  dislocation  networks  which  would  otherwise  origi¬ 
nate  at  these  regions  of  localized  strain.  In  any  case,  interface 
abruptness  is  not  expected  to  be  a  factor  as  both  MBE-  and 
MOCVD-growth  methods  have  been  shown  to  result  in 
monatomically  abrupt  interfaces. i:" 

In  conclusion,  the  usefulness  of  compositionally  graded 
and  superlattice  buffer  layers  has  been  examined  for 
MOCVD-grown  laser  structures.  Compared  to  similar  stud¬ 


ies  on  MBE-grown  structures,  device  performance  exhibits 
almost  no  dependence  on  the  type  of  buffer  layer  used.  From 
a  standpoint  of  device  uniformity,  the  need  fot  either  a  grad¬ 
ed  or  superlattice  buffer  layer  has  been  established.  These 
data  indicate  that  the  growth  of  high  quality  laser  structures 
by  MBE  requires  a  more  sophisticated  buffer  than  that  re¬ 
quired  for  MOCVD-grown  lasers. 
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Optimization  and  Characterization  of  Index-Guided 
Visible  AlGaAs/GaAs  Graded  Barrier 
Quantum  Well  Laser  Diodes 

LUKE  J.  MAWST.  MICHAEL  E.  GIVENS,  CHARLES  A.  ZMUDZINSKI,  MARK  A.  EMANUEL,  and 


JAMES  J.  COLEMAN 


Abstract— Index-guided,  single  and  multiple  stripe,  visible  laser 
diodes  (  X  =  O950-7150  A)  have  been  fabricated  and  characterized. 
These  structures  utilize  a  graded  barrier  quantum  well  laser  structure 
having  high  aluminum  composition  (  <  =  0.60-0.85)  confining  layers 
to  obtain  low  threshold  current.  The  use  of  thin  AlAs  quantum  well 
barrier  layers  allows  short  wavelengths  to  be  obtained  from  the  quan¬ 
tum  size  effect  in  binary  GaAs  wells  without  the  need  for  alloy 
Al.Ga, .  ,As  wells.  Index-guiding  is  accomplished  by  use  of  either  a 
complementary  self-aligned  structure  or  a  shallow  mesa  laser  structure 
allowing  stabilized  single-mode  laser  operation. 


I.  Introduction 

THE  use  of  the  graded  barrier  quantum  well  laser  struc¬ 
ture  has  made  possible  very  low  threshold  current 
density  devices  [  1 )— [4] .  However,  little  work  has  been 
reported  on  the  integration  of  this  structure  into  index- 
guided  devices,  particularly  in  the  visible  region.  Index- 
guided  buried  heterostructure  devices  with  graded  barrier 
quantum  well  active  laye-*  (  A  =  8700  A)  which  were 
grown  by  a  hybrid  MBE/LPE  growth  process  have  been 
reported  [5].  In  this  paper,  complementary  self-aligned  in¬ 
dex-guided  infrared  and  visible  laser  devices  with  graded 
barrier  quantum  well  active  layers  which  have  been  grown 
by  a  two-step  MOCVD  process  [6)-(9]  are  reported. 
Through  the  use  of  high  aluminum  composition  (a  = 
0.85)  confining  layers  and  optimization  of  the  width  of 
the  graded  barrier  separate  confinement  region,  we  have 
obtained  very  low  threshold  current  density  laser  struc¬ 
tures.  Finally,  in  order  to  obtain  visible  emission,  the 
graded  barrier  structure  has  been  modified  by  using  thin 
AlAs  barrier  layers  on  both  sides  of  each  quantum  well. 
These  structures  have  been  fabricated  into  complementary 
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self-aligned  lasers,  resulting  in  low  threshold,  index- 
guided  visible  diodes. 

The  emission  wavelengths  of  AlGaAs/GaAs  laser 
structures  can  be  shifted  into  the  visible  spectrum  by  either 
the  use  of  an  alloy  active  layer  [10],  quantum  size  effects 
[11],  [12],  or  a  combination  of  these  two  techniques  [12], 
[13].  Alloy  active  layer  devices,  however,  are  sensitive 
to  the  optical  quality  of  the  AlGaAs  within  the  active  layer 
and  do  not  exhibit  other  desirable  properties,  such  as  low 
threshold  current,  high  differential  quantum  efficiency, 
and  low  temperature  dependence  of  laser  threshold  ( high 
T0),  which  have  been  associated  with  quantum  well  de¬ 
vices  [  1  ]— [4] .  Laser  structures  which  rely  exclusively  on 
quantum  size  effects  have  been  operated  as  laser  diodes 
with  emission  wavelengths  as  short  as  7040  A  for  a  13 
A  quantum  well  [11],  However,  the  growth  of  such  small 
well  sizes  to  obtain  higher  energy  emission  can  be  diffi¬ 
cult.  In  addition,  a  large  number  of  small  wells  must  be 
utilized  in  order  to  obtain  both  sufficient  carrier  collection 
and  a  reasonable  optical  confinement  factor  [11],  The  use 
of  all-binary  AlAs/GaAs  quantum  well  structures  [14] 
eliminates  difficulties  associated  with  alloy  clustering  and 
allows  high  energy  emission  to  be  obtained  without  hav¬ 
ing  to  rely  on  extremely  small  well  sizes.  In  these  struc¬ 
tures,  short  wavelength  emission  can  be  obtained  at  rela¬ 
tively  large  (L.> 20  A)  well  sizes  due  to  the  large  AlAs 
potential  barrier  height  of  either  side  of  the  quantum  well. 

In  this  paper,  the  optimization  and  characterization  of 
the  graded  barrier  laser  structure  are  discussed  for  in¬ 
frared  and  visible  wavelength  lasers.  The  advantages  of 
all-binary  quantum  well  structures  have  been  combined 
with  the  graded  barrier  structure  in  order  to  obtain  low 
threshold  laser  diodes  operating  at  short  wavelength.  Sta¬ 
bilized  optical  modes  have  been  obtained  with  the  graded 
barrier  quantum  well  laser  by  utilizing  the  complementary 
self-aligned  laser  structure  [6].  These  complex  index- 
guided  devices  require  a  two  step  MOCVD  growth  pro¬ 
cess  which  results  in  a  planar  active  layer  device  which  is 
compatible  with  high  aluminum  concentration  confining 
layers.  In  an  attempt  to  obtain  higher  output  power  levels, 
index-guided  shallow  mesa  laser  arrays  [15]  utilizing  the 
graded  barrier  quantum  well  active  layer  have  been  stud¬ 
ied. 
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Fig.  ! .  Schematic  diagram  of  aluminum  composition  profile  in  :  conven¬ 
tional  (a)  and  a  modified  (b>  graded  barrier  quantum  well  laser.  The  mod¬ 
ified  structure  contains  thin  AlAs  quantum  well  barrier  layers  which  in¬ 
crease  the  confined  carrier  energy  levels,  allowing  higher  energy  emission 
to  be  obtained. 

II.  Graded  Barrier  Quantum  Well  Structure 
A  schematic  diagram  of  the  modified  graded  barrier 
quantum  well  structure  containing  AlAs  quantum  well 
barrier  layers  is  shown  in  Fig.  1.  Also  shown,  for  com¬ 
parison,  is  the  conventional  graded  barrier  quantum  well 
structure.  These  structures  consist  of  a  GaAs :  n  buffer 
layer  ( 1  x  1013,  0.5  jim),  a  compositionally  graded  buffer 
layer  AltGa,  As :  n  ( 1  x  1018,  x  -  0.00-0.85,  1.0  fim), 
an  AlrGa,  _rAs:n  confining  la>cr  ( l  x  I018,  x  =  0.85, 
1.0  (tm),  and  AlrGa,  _rAs :  n  parabolic  graded  region  (5 
x  101*’,  x  =  0.85-0.20,  0.12  /im),  an  undoped  GaAs 
quantum  well  active  region  with  or  without  10  A  AlAs 
barriers  (based  on  growth  rate  calibrations),  an 
Al,Ga|_,As:p  parabolic  graded  region  (5  x  1016,  x  = 
0.20-0.85,  0. 12  /tm),  and  AlrGa,  _rAs :  p  confining  layer 
( 5  x  I017.  .r  =  0.85,  1 .0  ftm ),  and  a  GaAs  :  p^  cap  layer 
( 0.20  jim ).  The  use  of  high  aluminum  composition  con¬ 
fining  layers  improves  the  optical  confinement  factor  and 
carrier  confinement  of  the  quantum  well  resulting  in  low 
threshold,  high  efficiency,  high  T„  devices  [4],  In  addition 
to  incorporating  high  aluminum  composition  confining 
layers  (x  =  0.60-0.85),  the  effect  of  the  graded  region 
width  on  the  device  performance  has  been  studied  with 
the  intention  of  optimizing  the  structure.  Broad  area 
threshold  current  density  as  a  function  of  laser  cavity 
length  for  three  different  graded  region  widths  are  shown 
in  Fig.  2.  All  three  structures  have  50  A  quantum  well 
widths  ( no  AlAs  barriers )  with  x  =  0.85  confining  layers. 
These  data  indicate  that  the  device  performance  of  the 
graded  barrier  laser  structure  is  relatively  insensitive  to 
the  width  of  the  graded  region,  which  is  consistent  with 
calculations  of  the  transverse  optical  confinement  factor 
as  a  function  of  this  width  (16).  An  essential  function  of 
the  graded  region  is  enhancement  of  carrier  collection  into 
the  thin  quantum  well  (17],  Recent  calculations  [18]  have 
shown  that  the  graded  barrier  is  superior  to  the  separate 
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Fig.  2.  Broad  area  threshold  current  density  measurements  as  function  of 
laser  cavity  length  for  graded  barrier  quantum  well  structures  with  1200. 
1000.  and  800  A  graded  barrier  widths  on  each  side  of  the  quantum  well 
active  region.  The  small  amount  of  threshold  variation  observed  between 
the  three  structures  indicates  that  the  transverse  optical  confinement  fac¬ 
tor  has  a  small  effect  on  device  performance. 
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Fig.  3.  C jmparison  between  calculated  and  measured  emission  wave¬ 
length  for  graded  barrier  quantum  well  structures  with  various  well  sizes 
and  aluminum  compositions  (xh)  at  the  edges  of  the  well.  Good  corrc- 
laiion  between  the  measured  values  and  the  calculated  n  -  I  electron  to 
heavy  hole  transition,  based  on  quantum  well  widths  obtained  from 
growth  rate  calibration,  is  observed. 

confinement  structure  because  the  graded  region  has  a 
lower  density  of  states. 

The  measured  emission  wavelengths  of  the  graded  bar¬ 
rier  quantum  well  structure  ( no  AlAs  barriers)  for  differ 
ent  quantum  well  widths  and  aluminum  mole  fractions  at 
the  edges  of  the  quantum  well  are  shown  in  Fig.  3.  Very 
good  agreement  is  observed  with  the  calculated  values 
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Fig.  4.  Measured  emission  wavelength  as  a  function  of  quantum  well  size 
for  a  double  well  graded  barrier  quantum  well  structure  containing  thin 
AlAs  barrier  layers  surrounding  the  GaAs  wells.  High  energies  are  ob¬ 
tained  for  relatively  large  quantum  well  widths. 

based  on  a  finite  potential  well  model  (solid  lines)  for  the 
n  =  1  electron  to  heavy  hole  transition,  using  layer  thick¬ 
nesses  obtained  from  growth  rate  data.  Thin  ( 10  A)  AlAs 
barrier  layers  car.  be  utilized  io  shorten  the  emission 
wavelength,  with  very  little  increase  in  threshold  current. 
Devices  with  a  single  50  A  quantum  well  and  x  =  0.60 
confining  layers  have  been  characterized  with  and  without 
AlAs  barrier  layers.  For  a  400  /rm  cavity  length  device, 
broad  area  threshold  current  densities  increase  from  3 1 8 
A  /  cm2  ( without  AlAs )  to  365  A  /  cm2  ( with  AlAs ),  while 
the  emission  wavelength  shifts  from  X  =  8200  A  to  X  = 
7950  A .  Shorter  wavelength  graded  barrier  quantum  well 
structures  were  grown  using  a  double  well  ( GaAs )  struc¬ 
ture  with  three  10  A  AlAs  barrier  layers.  High  aluminum 
concentration  confining  layers  (x  =  0.85)  were  utilized, 
with  a  0  12  gm  graded  region  (x  =  0.85-0.40)  on  each 
side  of  the  quantum  well.  Although  the  thin  AlAs  barrier 
allows  significant  coupling  between  the  two  GaAs  wells, 
and  this  coupling  will  affect  the  step-like  density  of  states 
of  a  single  well  (19),  these  structures  have  only  two  thin 
wells  and  the  entire  active  region  thickness  is  sufficiently 
small  that  a  step-like  density  of  states  is  retained.  The 
measured  emission  wavelength  of  this  structure  for  var¬ 
ious  quantum  well  sizes  is  illustrated  in  Fig.  4.  Emission 
wavelengths  corresponding  to  the  n  =  1  electron  to  heavy 
hole  transition  have  been  calculated  for  these  structures 
by  numerical  integration  of  the  Shrddinger  equation  using 
the  Numerov  technique  [20J.  Comparison  of  observed 
emission  wavelengths  and  calculated  values  indicate  that 
the  actual  quantum  well  thicknesses  could  be  5-6  A  larger 
than  expected  based  on  growth  rate  calibrations.  How¬ 
ever,  a  more  plausible  explanation  is  that  the  finite  poten¬ 
tial  well  model  and  effective  mass  theory  do  not  ade¬ 
quately  describe  the  structure  due  to  the  thin  layer  widths 
and  high  energies  involved.  Oxide  defined  stripe  lasers 


with  6  nm  stripe  widths  have  been  fabricated.  Threshold 
currents  for  devices  with  330-355  j»m  cavity  lengths  were 
90  mA  ( L.  =  30  A).  130  mA  ( L.  =  27  A),  and  320  mA 
( L .  =  24  A).  No  laser  emission  was  observed  from  the 
structure  with  L.  =  21  A.  Calculations  indicate  that,  for 
this  small  well  size,  the  confined  electron  energy  level  is 
probably  located  within  the  graded  region  surrounding  the 
quantum  well.  This  would  inhibit  carrier  collection  in  the 
well,  thereby  increasing  the  laser  threshold  current.  It  may 
prove  to  be  necessary  to  utilize  a  larger  aluminum  com¬ 
position  just  outside  the  quantum  wells,  at  the  edges  of 
the  graded  regions,  in  order  to  insure  that  the  confined 
energy  levels  are  located  within  the  quantum  well. 

III.  Index-Guided  Complementary  Self-Aligned 
Laser  Structure 

A  schematic  diagram  of  the  self-aligned  laser  structure 
along  with  the  transverse  and  lateral  refractive  index  vari¬ 
ations  is  illustrated  in  Fig.  5.  The  self-aligned  laser  struc¬ 
ture  incorporates  two  important  features  for  achieving  sta¬ 
ble  single-mode  operation.  The  placement  of  a  low 
bandgap,  high  refractive  index  GaAs :  n  layer  outside  the 
stripe  region  creates  a  built-in  complex  effective  index  step 
along  the  junction  plane  which  results  in  the  optical  wave¬ 
guide  necessary  to  stabilize  the  lateral  optical  mode  [21]. 
In  addition,  the  GaAs :  n  layer  forms  a  reverse  biased 
p-n  junction  outside  the  stripe  region,  which  self  aligns 
the  current  injection  with  the  lateral  optical  waveguide. 
This  type  of  index  guided  structure  is  attractive  for  quan¬ 
tum  well  active  layer  devices  since  it  is  a  planar  device 
with  the  active  layer  grown  prior  to  any  processing  steps. 

The  self-aligned  laser  structure  can  be  difficult  to  fab¬ 
ricate,  especially  for  high  aluminum  confining  layer  de¬ 
vices  (*2:0.40)  122],  [23].  This  difficulty  stems  from  the 
formation  of  oxides  on  the  exposed  AlGaAs  surface  prior 
to  the  second  growth  step.  This  structure  is  sensitive  to 
the  quality  of  the  regrowth  interface  which  is  located  in 
the  region  of  high  current  density.  These  problems  are 
avoided  by  use  of  a  complementary  self-aligned  laser 
structure  which  places  the  regrowth  interface  outside  the 
region  of  high  current  density  [6],  [9],  This  complemen¬ 
tary  structure  increases  the  versatility  of  the  self-aligned 
structure,  allowing  any  laser  active  region  to  be  utilized. 
The  complementary  self-aligned  laser  structure  is  fabri¬ 
cated  using  a  two  step,  selective  MOCVD  growth  process 
which  has  been  described  previously  [6].  Both  growth 
steps  are  performed  at  800°C  in  an  atmospheric  pressure 
MOCVD  system. 

Theoretical  analyses  of  the  lateral  mode  charactertistics 
in  complex  index  guided  structures  indicate  that  the  intro¬ 
duction  of  a  built-in  loss  region  outside  the  stripe  width 
increases  the  threshold  gain  of  higher  order  lateral  modes 
sufficiently  such  that  only  the  fundamental  mode  reaches 
threshold,  even  though  the  lateral  optical  waveguide  can 
support  higher  order  modes  [24],  In  the  self-aligned  laser, 
the  built-in  loss  profile,  due  to  the  radiation  and  absorp¬ 
tion  !*'■«  of  the  transverse  optical  mode  in  the  GaAs :  n. 
provides  strong  higher  order  lateral  mode  discrimination. 
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Fig.  3.  Schematic  diagram  of  self-aligned  laser  structure  illustrating  im¬ 
portant  design  parameters  including  distance  between  GaAs :  n  layer  and 
active  layer  (r).  stripe  width,  and  confining  layer  aluminum  composi¬ 
tion.  Transverse  and  lateral  refractive  index  variations  are  also  illus¬ 
trated. 
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Fig.  6.  Calculated  real  effective  tndex  step  along  the  plane  of  the  active 
layer  as  a  function  of  distance  (f)  between  GaAs:n  layer  and  active 
layer.  Strong  real  index  guiding  is  obtained  for  values  of  t  less  than  about 
0  30  pm. 

This  allows  the  self-aligned  laser  to  operate  in  a  stable 
fundamental  lateral  mode  even  in  relatively  large  stripe 
width  devices  (which  support  higher  order  lateral  modes). 
In  addition,  a  large  optical  spot  size  at  the  facet  improves 
the  operating  lifetime  at  higher  output  power  levels  [25]. 
The  magnitude  of  the  lateral  effective  complex  index  step 
is  an  important  parameter  from  the  standpoint  of  deter¬ 
mining  optimum  values  for  layer  thicknesses  and  alumi¬ 
num  compositions  in  the  self-aligned  laser  structure.  The 
waveguiding  properties  of  the  self-aligned  laser  structure 
can  be  analyzed  using  a  technique  previously  applied  to 
the  InGaAsP/InP  self-aligned  laser  structure  [26].  As¬ 
suming  a  fundamental  transverse  mode  both  within  and 
outside  the  stripe  region,  an  analytical  perturbation  tech¬ 
nique  is  used  to  obtain  an  estimate  of  the  effective  real 
index  and  loss  variations  along  the  plane  of  the  junction. 
The  effect  on  the  lateral  complex  index  step  of  varying 
the  distance  between  the  GaAs :  n  layer  and  the  active  layer 
is  illustrated  in  Fig.  6  and  7.  The  effective  real  index  step 
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Fig.  7.  Calculated  effective  loss  step  along  the  plane  of  the  active  layer  as 
a  function  of  distance  between  GaAs .  n  layer  and  active  layer.  Large 
values  of  loss  are  obtained  for  values  of  t  less  than  0.30  pm.  providing 
strong  higher  order  lateral  mode  discrimination. 

(Fig.  6)  and  the  effective  loss  step  (Fig.  7)  have  been  cal 
culated  for  a  device  with  x  —  0.60  confining  layers  and  a 
1000  A  GaAs  active  layer.  These  calculations  indicate 
that  strong  real  index  guiding  is  obtained  ( An  2: 10" 3 )  fot 
values  of  t  (distance  between  GaAs :  n  active  layer  and 
active  layer)  less  than  about  0.35-0.30  gm.  Also,  a  strong 
built-in  loss  variation  is  established  for  values  of  t  S0.3 
fim.  This  loss  variation  will  provide  the  higher  order  lat 
eral  mode  discrimination  which  is  characteristic  of  self 
aligned  laser  structures.  Similar  calculations  can  be  per 
formed  utilizing  a  graded  barrier  quantum  well  active  layer 
with  the  same  qualitative  behavior  expected. 

In  order  to  clearly  demonstrate  higher  order  mode  dis¬ 
crimination  capabilities  in  self-aligned  laser  structures, 
comparison  studies  were  performed  with  another  real  in¬ 
dex-guided  device,  the  shallow  mesa  laser.  In  contras! 
with  the  self-aligned  laser  structure,  the  shallow  mesa 
laser  structure  is  predominately  real  index-guided  due  to 
the  structural  variation  of  the  transverse  optical  wave 
guide  [27],  Light-current  (L-l )  characteristics  and  near 
field  measurements  along  the  plane  of  the  junction  for  both 
the  shallow  mesa  and  complementary  self-aligned  laser 
structure  are  shown  for  comparsion  in  Figs.  8  and  9.  Both 
structures  have  the  same  device  dimensions  ( stripe  width 
=  10  jtm,  cladding  thickness  =  0.30  ^m,  length  =  330- 
355  gm)  and  are  fabricated  from  a  conventional  double 
heterostructure  with  a  500  A  GaAs  active  layer  and  x  = 
0.35  confining  layers.  Even  with  this  large  stripe  width, 
the  self-aligned  laser  maintains  a  stable  fundamental  lat¬ 
eral  mode  well  above  threshold,  up  to  about  8  mW  per 
uncoated  facet.  Above  the  kink  point,  spatial  hole  burning 
occurs  and  shifts  the  optical  field  toward  the  edge  of  the 
stripe.  Due  to  the  strong  real  index  guiding,  without  any 
higher  order  mode  discrimination  capability,  the  shallow 
mesa  laser  operates  in  a  higher  order  lateral  node  begin 
mng  at  laser  threshold.  A  similar  behavior  has  been  ob 
served  in  multiple  stripe  array  structures  [7],  By  opti 
mizing  the  stripe  width  as  well  as  the  distance  between 
the  GaAs:n  layer  and  ihe  active  layer,  the  self-aligned 


700 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL  QE  3.1.  NO  6.  JUNF  IVX7 


OouDie  Heterosiructu^e  L3ser 
*  50G  \ 

.v  10  0  um 
t  0.30  urn 
V  0  35 

a)  Complementary  Sell  Aligned 
Length  -  356  jim 
bl  Shallow  Mew 

Length  =  330  ym 


Fig.  g.  Comparison  of  pulsed  L-l  characteristics  for  wide  stripe  comple¬ 
mentary  self-aligned  laser  and  shallow  mesa  laser  structures.  The  self- 
aligned  laser  structure  shows  linear  characteristics  up  to  a  kink  point, 
where  higher  order  lateral  modes  reach  threshold. 
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Fig.  9.  Comparison  of  near-field  patterns  along  the  plane  of  the  active  layer 
for  wide  stripe  complementary  self-aligned  laser  and  shallow  mesa  laser 
structures.  Higher  order  lateral  modes  appear  at  laser  threshold  in  the 
shallow  mesa  structure  due  to  the  strong  index  guiding  and  large  stripe 
width  utilized. 

laser  structure  can  operate  in  a  stable  fundamental  mode 
with  a  large  lateral  spot  size. 

Very  low  threshold  complementary  self-aligned  lasers 
have  been  fabricated  using  a  50  A  graded  barrier  quan- 
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Fig.  10.  Pulsed  L-l  characteristics  of  a  complementary  self-aligned  laser 
utilizing  a  graded  harrier  quantum  well  active  layer  with  a  SO  A  quantum 
well.  Very  low  thresholds  currents  (  1 1  mA )  are  obtained  at  X  =  8200 


turn  well  active  region  (no  AlAs  barriers)  with  jr  =0.85 
confining  layers.  Threshold  currents  range  from  11  to  13 
mA  for  devices  with  300-350  m  cavity  lengths.  These 
devices  have  5.5  f*m  wide  stripes  with  0.2  jxm  spacings 
between  the  GaAs :  n  layer  and  the  edge  of  the  graded  re¬ 
gion.  The  pulsed  L-l  characteristics  for  a  300  /tm  long 
device  are  sh^wn  in  Fig.  10.  The  near-field  patterns  for 
these  devices,  shown  in  Fig.  11,  indicate  stable  funda¬ 
mental  lateral  mode  operation  is  observed  up  to  16  mW 
per  uncoated  laser  facet.  CW  single  longitudinal  mode 
operation  is  observed  up  to  10  mW.  The  temperature  de¬ 
pendence  of  the  theshold  current  can  be  characterized  by 
Ta  =  125°C  in  the  temperature  range  25-50°C.  Devices 
with  larger  spacing  between  the  GaAs :  n  layer  and  active 
layer  ( T  =  0.30  /im)  show  stable  fundamental  lateral 
mode  operation  up  to  about  25  mW  per  uncoated  facet 
with  a  17  mA  threshold  current  for  a  4.5  pm  wide  stripe. 

Visible  (  X  =  6950-7150  A)  index-guided  laser  struc¬ 
tures  have  been  fabricated  using  the  graded  bamer  struc¬ 
ture  containing  two  24  or  27  A  GaAs  quantum  wells  with 
10  A  AlAs  barriers  and  x  =  0.85  confining  layers.  Struc¬ 
tures  with  27  A  quantum  wells  (  X  =  7150  A)  have  been 
fabricated  into  complementary  self-aligned  lasers  with  6.5 
fim  wide  stripes  and  0.20  ym  spacing  between  the  GaAs :  n 
layer  and  edges  of  the  graded  region.  A  scanning  electron 
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Fig.  1 1 .  Near-field  radiation  patterns  along  the  plane  of  the  junction  for  a 
complementary  self  aligned  laser  structure.  Stable  fundamental  lateral 
mode  operation  is  obtained  up  to  greater  than  5X  threshold  current  (  1 1 
mA ). 
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Fig  12.  Scanning  electron  micrograph  of  complementary  self-aligned  laser 
structure  utilizing  a  graded  barrier  quantum  well  active  layer  and  high 
aluminum  composition  (  r  =  0  85 )  confining  layers. 

micrograph  of  the  structure  is  shown  in  Fig.  12.  Pulsed 
L-f  characteristics,  shown  in  Fig.  13.  indicated  threshold 
currents  of  55  mA  for  a  432  jtm  long  cavity.  Near-field 
patterns  along  the  plane  of  the  junction  show  (Fig.  14) 
stable  fundamental  lateral  mode  operation  up  to  15  mW 
per  uncoated  laser  facet.  Devices  with  larger  stripe  widths 
( w  =  8  /am )  show  fundamental  mode  operation  up  to 
about  7  mW,  above  which  higher  order  modes  reach 
threshold.  Laser  structures  with  24  A  quantum  wells  (  X 
=  6950  A )  have  also  been  fabricated  into  complementary 
self-aligned  lasers  with  7.0  /am  wide  stripes  and  0.20  /am 
spacing  between  the  GaAs :  n  layer  and  the  edges  of  the 
graded  region.  Threshold  currents  of  100  mA  are  obtained 
for  a  356  /am  long  devices  with  fundamental  mode  oper¬ 
ation  up  to  about  1 1  mW.  By  optimizing  both  the  stripe 
width  and  spacing  between  the  GaAs :  n  layer  and  the  ac¬ 
tive  layer,  higher  output  power  levels  can  be  expected. 
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Fig  13.  Pulsed  L-l  characteristics  ill  a  complementary  -elf  ./l  .cd  laser 
utilizing  a  graded  barrier  quantum  wall  active  layer  containing  two  27 
A  quantum  wells  surrounded  by  10  A  AlAs  barrier  layers  Linear  lighi 
output  is  obtained  up  10  about  l5mW  with  an  emission  wavelength  ol 
7150  A 
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Fig  14  Near-field  radiation  patterns  along  the  plane  of  the  active  layer 
for  a  visible  (  A  »  7150  A )  complementary  self-aligned  laser.  Stable 
fundamental  lateral  mode  operation  is  obtained  up  to  about  15  mW 


IV.  Visible  Array  Structures 

In  order  to  obtain  higher  output  power  levels  at  visible 
wavelengths,  multiple  stripe  shallow  mesa  array  struc¬ 
tures  have  been  fabricated  utilizing  the  graded  barrier 
quantum  well  structure  containing  two  27  A  quantum 
wells  with  10  A  AlAs  barriers  (  X  =  7150  A)  and  x  = 
0.85  confining  layers.  No  attempt  was  made  to  optimize 
array  dimensions  for  phase-locked  operation.  Six-element 
array  structures  were  fabricated  with  3  /am  wide  stripes  on 
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Fig.  15.  Pulsed  L-l  characteristics  of  visible  (  A  =  7150  A)  6-element 
shallow  mesa  graded  bamer  quantum  well  laser  array  A  maximum  power 
output  of  100  mW  per  uncoared  laser  facet  is  obtained. 
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Fig  16  Near-  and  far -field  radiation  patterns  along  the  plane  of  the  junc¬ 
tion  for  6-element  shallow  mesa  laser  array.  The  single-lobed  far-field 
pattern  indicates  the  elements  of  the  array  are  not  phase  locked  due  to 
the  strong  optical  confinement  within  the  mesa  regions. 


8  um  centers.  A  0.10  jam  cladding  layer  thickness  was 
utilized  between  mesa  regions  in  order  to  obtain  strong 
index  guiding.  Phase-locked  operation  is  not  obtained  due 
to  the  strong  index  guiding  and  large  center-center  stripe 
spacing.  The  L-l  characteristics  for  a  6-element  array  is 
shown  in  Fig.  15.  Pulsed  output  power  levels  Oi  100  mW 
are  obtained  with  threshold  currents  of  25-30  mA  per 
stripe.  Near-field  images,  shown  in  Fig.  16,  indicate  all 
six  array  elements  are  lasing  and,  due  to  the  small  stripe 
width,  higher  order  lateral  modes  are  not  observed  within 


the  individual  array  elements.  Far-field  images  along  the 
plane  of  the  junction  also  shown  in  Fig.  16,  indicate  a 
single  lobed  pattern  wi»h  a  FWHM  of  9.5°.  Phase-locked 
operation  can  be  expected  for  devices  with  greater  optical 
field  overlap  between  array  elements.  This  can  be  accom¬ 
plished  by  utilizing  a  smaller  center-center  spacing  as  well 
as  a  larger  cladding  layer  thickness  between  mesa  re¬ 
gions. 

V.  Conclusions 

The  graded  barrier  quantum  well  structure  has  been 
modified  to  include  thin  AlAs  quantum  well  barrier  lay¬ 
ers,  allowing  low  threshold  visible  emission  lasers  to  be 
realized.  Stable,  fundamental  mode,  index-guided  de¬ 
vices  have  been  fabricated  which  incorporate  the  graded 
barrier  quantum  well  structure.  Index  guiding  is  accom¬ 
plished  through  the  use  of  a  complementary  self-aligned 
two-step  MOCVD  growth  process,  which  is  compatible 
with  low  threshold,  high  aluminum  composition  confining 
layer  structures.  The  optical  waveguiding  properties  of  the 
self-aligned  laser  structure  have  been  discussed,  illustrat¬ 
ing  higher  order  lateral  mode  discrimination  capability. 
Complementary  self-aligned  lasers  with  threshold  cur¬ 
rents  of  11  mA  (  X  =  8200  A),  55  mA  (X  =  7150  A), 
and  100  mA  (X  =  6950  A)  have  been  fabricated  and  char¬ 
acterized.  High  output  power  visible  (  X  =  7150  A)  shal¬ 
low  mesa  laser  arrays  which  utilize  the  graded  barrier 
quantum  well  active  layer  have  been  demonstrated. 
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